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Abstract 
 
Background 
It is well-established that early life environmental exposures and later life 
health and non-communicable disease (NCD) risk are related, however, life 
course evidence from low- and middle-income countries is currently limited. 
Guatemala, a middle-income country located in Central America, is both 
one of the most income inequal and most stunted countries in the world. It 
is also the site of the Universidad del Valle de Guatemala (UVG) 
Longitudinal Study of Child and Adolescent Development. The study 
followed the growth of over 40,000 urban school children of different 
socioeconomic position (SEP) groups between 1953-1999. Previous 
research, on subsamples of the study, has identified socioeconomic 
inequalities in both physical growth and cognitive ability but the later life 
health of UVG Study individuals is unknown, as are the broader patterns of 
growth and development of the entire sample. 
 
Aims 
The aim of this thesis is to examine variation in, and the consequences of, 
physical growth and cognitive development of Guatemalans. The objectives 
are: 1)  to statistically model and describe the physical growth of the UVG 
Study population in height, weight, BMI and hand grip strength, 2) to 
document socioeconomic inequalities and secular changes in human 
growth patterns in the UVG Study sample, 3) to examine the relationship of 
growth with survival and physical outcomes in old age in a follow-up sample, 
and 4) to quantify the consistency of childhood mental ability, measured by 
intelligent quotient (IQ) data, and their association with later life fluid 
intelligence scores. 
 
Methods 
The growth in height, weight, BMI and grip strength of 40,484 individuals 
(157,067 observations) was modelled using Super Imposition by 
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Translation and Rotation (SITAR). The SITAR growth parameters 
summarising individual growth in size, timing and intensity were used to 
examine inequalities in growth between SEP groups, and over time, using 
multivariable regression. A follow-up study was initiated with 50 former UVG 
Study participants aged 64-76 years representing the highest SEP group in 
the country. Multivariable regression was used to investigate associations 
between the SITAR growth parameters and weight, BMI, fatness and grip 
strength measured at age 64-76 years. Differences in the association 
between growth and subsequent survival were investigated between the 
follow-up sample, and 45 deceased former study participants. The 
consistency of repeated childhood IQ test scores of the follow-up sample 
was assessed by comparing means, ranges and standard deviations of IQ 
scores. The association between pre-adult IQ scores and later life fluid 
intelligence of the follow-up study individuals was assessed using 
regression analysis. 
 
Results 
The SITAR growth models for height, weight, BMI, and grip strength fit the 
data well, and show that the UVG sample shared a similar age at peak 
velocity to modern US and Bolivian samples in height. Socioeconomic 
inequalities in growth decreased over time in Guatemala whereby the 
difference in height between lowest and highest SEP decreased from -2.0 
(95% CI -2.2 to -1.9) to -1.4 (-1.5 to -1.3) SD in males, and from -2.0 (-2.1 
to -1.9) to -1.2 (-1.3 to -1.2) in females between 1960-1990. Inequalities 
also reduced for weight and grip strength. In BMI, a secular increase in 
growth intensity was observed across SEP groups. The puberty period was 
earlier and shorter in higher SEP individuals. The follow-up study found that 
1 SD increase in BMI size was associated with a 1.4% (95% CI -0.02 to 2.8) 
increase in body fat percentage, and a 1.2 kg/m2 (0.2 to 2.2) increase in 
BMI at ages 64-76 years. Those who grew slower in height, but faster in 
weight and BMI, had higher BMI and body fat later in life. Each SD increase 
in BMI size was associated with 42% lower odds (OR 0.58, 0.32-1.04) of 
survival to age 64 in males. In terms of cognitive ability, this study reported 
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high within subject instability in IQ test scores. Pre-adult IQ test scores were 
only modestly related to older age fluid intelligence test scores.  
Conclusions 
In conclusion, this study employed advanced analytical models to describe 
the growth of a large sample of Guatemalan children. While inequalities in 
growth have declined over time, the lowest SEP groups were still >1 SD 
shorter and lighter than the highest in 1990. In BMI, the SEP groups showed 
secular increases in growth size and velocity. There was high instability in 
childhood IQ for the follow-up sample. Given that in the follow-up higher 
BMI related to increased later life fatness, and for males, lesser odds of 
survival, the observed increases in childhood and adolescent BMI over time 
may have negative long-term impact on health and wellbeing. 
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Chapter 1 
1 Introduction  
 
The central rationale for this thesis is that solving the problems related to 
poor early life and growth conditions may result in improved later life health 
(Ben-Shlomo & Kuh, 2002). Worldwide, individuals growing up in deprived 
settings continue to be shorter and lighter than more affluent people from 
the same populations. In low- and middle-income countries, rates of infant 
mortality, malnutrition and growth faltering continue to be high, with an 
estimated 155 million children worldwide ‘too short’ for age (WHO, 2017). 
At the same time, life expectancies are rapidly increasing around the world 
with the United Nations estimating that by 2050 one in five people will be 
aged 60 or older (UN, 2015). This ‘ageing’ population structure is reflected 
in the prevalence of non-communicable diseases (NCDs), which currently 
account for 71% of deaths globally (WHO, 2018b). These include the 
current leading causes of death in many countries: cardiovascular disease, 
diabetes and dementia. Increases in the incidence of these diseases come 
at a high monetary and human cost, and has led researchers to aim to find 
ways to maximise health and minimise the risk of diseases across the life 
course (Kuh, Richards, Cooper, Hardy, & Ben-Shlomo, 2014).  
 
This thesis is informed by the Life Course Epidemiological Model (LEM), 
defined as “the study of long-term biological, behavioural and psychosocial 
processes that link adult health and disease risk to physical or social 
exposures acting during gestation, childhood, adolescence, earlier in adult 
life or across generations” (Ben-Shlomo, Cooper, & Kuh, 2016).  From an 
evolutionary standpoint, the critical importance of early life exposures has 
been linked with the pattern of growth in humans (with its changes in growth 
rate from birth to age 20 years) by proponents of the Reserve Capacity 
Hypothesis (RCH) of ageing (Bogin, 2009; Crews, 2003). In short, the RCH, 
                                                                                         Chapter 1: Introduction 
 
 
2 
 
which builds on evolutionary Life History Theory, proposes that building 
greater reserve capacity (RC) during the years of growth allows for better 
later-life health. RC is defined as somatic, cognitive, social, and emotional 
resources that exceed the minimum required for sustaining life and allowing 
reproduction (Bogin, 2009; Crews, 2003). Despite their different 
perspectives, both models suggest that early life environmental conditions 
are linked with later life health and disease outcomes.  
 
The relationship of growth in height and other measures of body size with 
environmental conditions was explained by James Tanner who wrote that 
the “material and moral conditions of society” are reflected in the patterns 
of growth of human populations (Tanner, 1986: 3). Investigations of the 
extent to which life course trajectories in physical and cognitive outcomes 
differ from population to population are limited due to lack of data from lower 
income countries, as the high monetary and time expense associated with 
longitudinal cohort studies makes this research design unfeasible in many 
settings. To circumvent this issue both cross-sectional studies, and studies 
using historical data, have been used to explore global variation in human 
physical traits. Perhaps the most well-known example is the variation 
observed in average height, a measure of longitudinal bone growth. Broadly, 
the tallest people in the world are those living in high income countries with 
the greatest income equality between socioeconomic position (SEP) 
groups, while the lowest average heights are recorded for many African, 
South-East Asian and Latin American nations (Bogin, Scheffler, & 
Hermanussen, 2017; NCD-RisC, 2016). Within populations, individuals with 
highest socioeconomic position (SEP) are tallest (Garn et al., 1975; Tanner, 
1986). From a life course perspective, being taller is associated with living 
longer, lower risk of adverse pregnancy outcomes, lower risk of 
cardiovascular and respiratory diseases, but also a higher risk of some 
cancers – the latter is likely related to a link between increased number of 
cell divisions in tall people and thus more potential for ‘cancerous’ errors 
(NCD-RisC, 2016; World Cancer Research Fund/American Institute for 
Cancer Research, 2007). Positive associations between attained height, 
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educational level as well as earnings have been identified (Bogin, 1999; 
NCD-RisC, 2016; Stein et al., 2010; Tanner, 1989).  
 
Weight, body composition and the body mass index (BMI, kg/m2) are further 
associated with later life health and disease risk, whereby high BMI across 
the life course increases the risk of metabolic syndrome, cardiovascular 
disease, cancer, osteoarthritis, and mortality (WHO, 2018a). Studies of 
socioeconomic inequalities in obesity within populations show that high BMI 
is associated with lower SEP in high-income countries (Bann, Johnson, Li, 
Kuh, & Hardy, 2018; Lee et al., 2010; Shrewsbury & Wardle, 2008). A 
reverse pattern is observed in most low- and middle income nations where 
high BMI is associated with high SEP (Jones-Smith, Gordon-Larsen, 
Siddiqi, & Popkin, 2011; Subramanian, Kawachi, & Smith, 2007). Yet, in 
many of these countries the low SEP groups show a higher rate of BMI 
increase compared to higher SEP groups, indicating that overweight and 
obesity are increasingly issues affecting the poor across the globe (Jones-
Smith, Gordon-Larsen, Siddiqi, & Popkin, 2012; Popkin, Adair, & Ng, 2012). 
This pattern highlights the existence of a ‘double burden of malnutrition’ 
whereby populations living in low- and middle-income countries are at risk 
of both short stature or underweight, and excessive weight gain and body 
fat (Varela-Silva et al., 2012; WHO, 2017). 
 
Hang grip strength is a measure of physical ability that has been associated 
with increased risk for sarcopenia, disability and mortality, particularly from 
middle-age onwards (Bohannon, 2015; Rantanen et al., 1999b). There are 
no longitudinal data that cover the life course trajectory of grip strength from 
early childhood to old age (Dodds et al., 2014), which means that the 
associations of childhood and adolescent grip strength with old age grip, 
and associated health outcomes, have not been investigated. Based on 
cross-sectional evidence, average hand grip strength is lower across all 
ages in developing regions (e.g. India, China and Brazil) than in the UK and 
other high-income countries (Dodds et al., 2016). This global variation in 
grip strength suggests that on average, the populations of low- and middle-
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income countries may be at higher risk for the negative outcomes 
associated with low grip.  
 
In addition to physical growth, there have been life course investigations of 
general cognitive ability and later life outcomes, but evidence is limited. The 
existing studies have found a positive association between childhood 
cognitive ability, measured often around age 11 as Intelligent Quotient (IQ), 
and later life IQ, and a negative association with later life risk for dementia 
and mortality (Batty, Deary, & Gottfredson, 2007; McGurn, Deary, & Starr, 
2008; Whalley & Deary, 2001). Repeated measurements of childhood 
cognitive ability are rare, and it has not been well-investigated whether a 
single measure of IQ is representative of childhood cognitive ability. Further, 
to what extent IQ is stable across the life course outside the ‘Western’ 
context is unknown.  
 
Guatemala is in Central America and had an estimated population of 16.9 
million in 2017. Guatemala is ranked by the World Bank as a middle-income 
country based on average personal income (World Bank, 2018b). The use 
of average income overlooks the fact that Guatemala has one of the most 
inequal income distributions with a Gini-Index of 48.3 (World Bank, 2018a). 
The Gini-Index is a measure of the extent to which the distribution of income 
within an economy deviates from equal distribution, a Gini index of 0 
represents perfect equality, and an index of 100 implies perfect inequality 
(World Bank, 2018a). Guatemala is also one of the most stunted (stunting 
is defined by the WHO as height-for-age <2 standard deviations of the WHO 
growth reference) countries in the world with a current growth faltering rate 
of 48% for children under five years of age (Marini & Gragnolati, 2003; 
World Bank, 2018c). At the same time, Guatemala is experiencing 
problems related to the double burden of nutrition, with recent studies 
showing that obesity rates and associated negative health outcomes are 
increasing in prevalence (Ramirez-Zea, Kroker-Lobos, Close-Fernandez, & 
Kanter, 2014; Rivera-Andrade, Kroker-Lobos, Lazo, Freedman, & Smith, 
2018). Currently, an estimated 73.3% of adult Guatemalan women are 
considered overweight or obese, and 54.4% of men (WHO, 2016a). 
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Uniquely, Guatemala is the site of two large scale longitudinal cohort 
studies: The Institute of Nutrition of Central America and Panama (INCAP) 
Study and the Universidad del Valle de Guatemala (UVG) Longitudinal 
Study of Child and Adolescent Development (Bogin, Camacho de Paz, & 
MacVean, 2018; Martorell, Habicht, & Rivera, 1995). The INCAP Study 
included a nutritional intervention program started in the 1970s, which 
introduced food supplements to individuals living in an impoverished village 
in rural Eastern Guatemala. The growth and development of infants and 
children in the village was followed and contrasted with that of villages from 
the area not receiving the intervention. Later follow-up studies have shown 
that the benefits of the original nutritional intervention carried into adulthood 
in terms of economic and educational success (Hoddinott, Maluccio, 
Behrman, Flores, & Martorell, 2008; Maluccio, Hoddinott, Behrman, 
Martorell, & Quisumbing, 2006).  
 
The UVG Study focused on urban Guatemalans and had a mixed 
longitudinal design. The study followed the growth of over 40,000 school 
children of different SEP groups over a 46-year period (1953-1999) (Bogin 
et al., 2018). Research published from the study identified large SEP 
differences in physical growth. High SEP children were found to be taller 
and similarly had higher cognitive capacity, measured by yearly reading and 
IQ tests, than middle and low income Ladino (people of Spanish-descent) 
and indigenous Maya (people  of Native American descent) children (Bogin 
& MacVean, 1978; Bogin & MacVean, 1983; Bogin, Wall, & MacVean, 
1992). These analyses were on small subsamples of the UVG study 
population, only covered time periods of less than 10 years, and no follow-
up studies were initiated. Therefore, the later life health of UVG Study 
individuals is unknown, as are the broader patterns of growth and 
development for the entire sample. 
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 Aims and objectives  
The aim of this thesis is to examine variation in, and the consequences of, 
physical growth and cognitive development of Guatemalans. To achieve 
the overall aim, this thesis has the following objectives: 
1. to statistically model and describe the physical growth of the UVG 
Study population in height, weight, BMI and hand grip strength.  
2.  to document socioeconomic inequalities and secular changes in 
human growth patterns in the UVG Study sample. 
3. to examine the relationship of growth with survival and physical 
outcomes in old age in a follow-up sample. 
4. to quantify the consistency of childhood mental ability, measured by 
intelligent quotient (IQ) data, and their association with later life fluid 
intelligence scores in a follow-up sample. 
 
 
 Thesis outline 
This thesis approaches the study objectives by using a combination of 
historical and newly collected data. The historical data come from the UVG 
Study database of over 40,000 participants. New data were collected in the 
form of a 50-year follow-up study in Guatemala City over a period of 10 
months with a total of 50 individuals aged 64 to 76 years, as well as 45 who 
were confirmed as deceased. All follow-up participants attended a school 
serving the highest SEP in the country. The structure of the thesis is as 
follows:  
• The second chapter provides general background literature and 
describes life course trajectories of bone (with a focus on height), 
weight, BMI, fat, muscle, and cognitive ability. Existing evidence of 
associations between growth and outcomes in adulthood in these 
parameters is reviewed, and the two theoretical frameworks 
informing the work, the Life Course Epidemiological Model and the 
Reserve Capacity Hypothesis, are introduced. 
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• The third chapter provides a background of Guatemala and the UVG 
Study with detail of the data collection methods used, as well as 
describes the data collection procedures for the 50-year follow up.  
• The fourth chapter describes and contextualises the growth models 
in height, weight, BMI and grip strength created from the UVG Study 
data using the statistical technique of Super Imposition by 
Translation and Rotation (SITAR) (objective 1).  
• The fifth chapter investigates socioeconomic inequalities and 
secular changes in human growth patterns in the UVG Study sample 
(objective 2). 
• The sixth chapter explores the associations between childhood 
anthropometric exposures and later life physical outcomes and 
survival in the follow-up sample (objective 3). 
• The seventh chapter quantifies the longitudinal consistency of 
childhood mental ability test scores, and investigates the association 
of childhood IQ and later life fluid intelligence scores (objective 4). 
• The final chapter of the thesis summarises the key findings, 
implications, strengths and limitations of the work and concludes 
with a section on potential future directions for research. 
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Chapter 2 
2 Background 
This chapter introduces the two theoretical frameworks informing this thesis, 
the Life Course Epidemiological Model and the Reserve Capacity 
Hypothesis, and summarises the life course trajectories of bone (with a 
focus on linear growth and height), body weight and BMI (focus on fat and 
muscle mass), as well as cognitive ability. This chapter further provides a 
summary of what is known in terms of associations of earlier life physical 
growth and cognitive development with later life health and disease risk, as 
well as identifies areas requiring further research. 
 
 Life Course Epidemiological Model (LEM) and Reserve 
Capacity Hypothesis (RCH) 
Two theoretical frameworks provide a rationale for discussing the 
association of early life exposures with later life outcomes. The Life Course 
Epidemiological Model (LEM) is used in epidemiological research to 
conceptualise the associations between lifetime exposures and later life 
health and chronic disease risk (Ben-Shlomo et al., 2016; Ben-Shlomo & 
Kuh, 2002). Disease risk is investigated with the idea that events occurring 
early in life might have long lasting consequences on chronic disease risk 
in later adulthood or old age (Ben-Shlomo & Kuh, 2002). Life course 
‘functional trajectories’ are graphical illustrations of the hypothesised level 
of function of a bodily system over the life cource. Functional trajectories 
are assumed to differ between individuals due to different exposures to risk 
factors at different points in life (Kuh et al., 2014). Figure 2.1 shows the life 
course trajectory in lung function between four hypothetical individuals. A 
and C have healthy lungs and reach relatively high functional and structural 
reserve in early adulthood. Individual C takes up smoking (an adult risk 
factor), which results in poorer level of lung function in old age. Individuals 
B and D suffer from asthma during growth and thus have a lower reserve 
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at maturity. Individual B does not take up smoking in adulthood and 
therefore does not further reduce their lung function, while individual D does 
smoke and thus finishes with the lowest level of function in old age. The 
same theoretical model can be applied to other bodily systems including life 
course trajectories in bone, muscle, and cognitive ability.  
 
 
Figure 2.1 Life course functional trajectories, from Kuh et al., 2014. 
Lines A, B, C and D represents life course trajectories of body 
functions (here: lung function) that reach peak at maturity and 
decline with age. 
 
From an evolutionary standpoint, the associations between early and later 
life health can be understood within the broader framework of evolutionary 
medicine, which builds on the core principles of evolutionary life history 
theory (Wells, Nesse, Sear, Johnstone, & Stearns, 2017). Under Life 
History Theory, it is assumed that all energetic investments in living 
organisms are part of the evolutionarily derived trade-offs made by 
individuals over their life course between growth, maintenance and 
reproduction (Stearns, 1989).  
 
Human life history is characterised by both a long period of growth, and a 
long post-reproductive lifespan (Bogin, 2009). This has led to the 
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development of the Reserve Capacity Hypothesis (RCH) which promotes 
the idea that to understand human ageing, events occurring during growth 
are highly important. The hypothesis posits that physiological systems of 
the mammalian body must grow, develop, mature, and perform at some 
minimal level for post-natal life of the individual to be possible. These 
systems, nervous, pulmonary, cardiovascular, kidney, etc, usually, 
“overshoot their physiologically necessary capacity” during the pre-adult 
and early adult years (Crews, 2003).  By overshooting the necessary 
capacity an individual has reserve capacity (RC) which may be channelled 
into trade-offs between greater growth, immune function, mating behaviour, 
and/or reproduction and parental investment (Bogin, 1999, 2009). Reserve 
capacity (RC) is defined as somatic, cognitive, social, and emotional 
resources that exceed the minimum required for sustaining life and allowing 
reproduction (Bogin, 2009; Crews, 2003). The RCH works on the 
assumption that building greater reserve capacity during the years of 
growth allows for better later-life health. Figure 2.2 illustrates the basic 
model of the RCH and shows a build-up and eventual decline in RC with 
increasing age. Essentially this figure posits a very similar life course 
functional trajectory as the LEM (Figure 2.1). Both figures show a ‘peak 
reserve’ at maturity and acknowledge this may differ due to varying 
circumstances during growth.  
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Figure 2.2 Attainment and loss of reserve capacity (RC) with age, from 
Crews, 2003. Persons 1 to 5 differ in their attainted RC during growth, 
and also show differing patterns of decline. Death occurs when RC is 
below the minimum necessary capacity for survival. 
 
 
In the LEM, variation in the pattern of decline is dependent on both 
maximum capacity as well as adult risk factors. The RCH also 
acknowledges that RC decline with age need not be linear over the lifespan 
and improved habits, altered environments or medical intervention may 
slow or increase function (Crews, 2003). The present work does not aim to 
test the LEM or RCH hypotheses empirically, but rather, is informed by 
them. Following the RCH, for example, a positive association of childhood 
and adulthood weight would suggest greater reserve in childhood leading 
to a ‘better’ adulthood outcome. However, in reality, this association may 
be deleterious if it is involved in the development of obesity and NCD 
epidemiology. This suggests that rather than a measure of absolute size or 
cell count, high RC might be better understood as ‘optimum’ reserve. Such 
modification to the hypothesis would leave room for ‘over’ reserve, which, 
similarly to low RC, may be associated with negative later life outcomes. 
Importantly, not all somatic components are equal, and reserve in fat should 
not be equated to reserve in muscle. It is important to make this distinction 
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because weight is a measure that captures variation in both. As with weight, 
it is not expected that RC in height follows the model presented in Figure 
2.2. The RC in height (taller stature) does not directly deplete with age as 
stature shows little age-related decline – about one cm per decade after 
age 30 years (Cline, Meredith, Boyer, & Burrows, 1989). But height declines 
greater than this may indicate important reserve capacity loss, there is 
evidence for height loss as a result of bone loss and osteoporosis that may 
cause pain and disability (Ismail et al., 2002). Even with the expected 
decline with age greater RC in height during the growing years may offer 
protection against other bone-related decline including lower risk of 
fractures and later life bone diseases such as osteoporosis and 
osteoarthritis, for which there is some evidence in the epidemiological 
literature (Cole et al., 2016; Cooper et al., 2001; Mikkola et al., 2017). 
 
Due to the described limitations, both the LEM and RCH might be best 
understood as frameworks rather than testable empirical models. It is 
difficult to envisage a research setting in which either model could be 
directly tested, as there are obvious ethical issues related to assigning 
individuals to specific early life or growth environments. Therefore, any work 
informed by these models is by nature observational. Despite representing 
different scientific literatures (epidemiology and anthropology), their 
underlying similarities suggest that the frameworks should be considered 
together. Further, their development in the literature has been parallel. The 
benefits of using such frameworks include a more holistic perspective on 
the subject studied, and they are helpful in informing research questions 
and areas. Particularly the LEM has inspired a large quantity of 
epidemiological literature, which aims to pinpoint critical developmental 
windows, and assess the strength of the association between early 
exposures and later life outcomes (Ben-Shlomo et al., 2016). Less work 
has been done on the RCH, and to date, studies referencing the hypothesis 
are chiefly theoretical contributions (Bogin, 2009; Larke & Crews, 2006). 
Going forward, future research would benefit from a ‘joint approach’ where 
the LEM and the RCH are taken as complementary frameworks within 
which life course associations may be discussed. 
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 Skeletal life course trajectories  
The earliest studies of human growth focused on height, a measure of 
longitudinal bone growth (Tanner, 1981). Bone development originates 
early in pregnancy, and by weeks 4-5 the cartilaginous precursors of all four 
limbbuds are recognisable (O’Rahilly & Müller, 1998). Epiphyseal growth 
plates are formed close to the time of birth. These cartilaginous discs 
extend across the cross-sections of longbones between the metaphysis 
and the epiphysis (White et al., 2011). By secreting collagen, osteoblasts 
(bone-forming cells) form an organic matrix called, which becomes covered 
in crystalline mineral that consists of calcium salt (Robling et al., 2006). 
Collagen and calcium are the main building blocks of bone whereby the 
mineral elements give bone rigidity and hardness, and the collagen allows 
for bending (White et al. 2011). The bone matrix calcifies rapidly after 
production; therefore, bones cannot not grow by cell hypertrophy, that is, 
increase in cell size (White et al. 2011).  
 
As bones need to stay functional during growth, they have to retain their 
shape while their size increases. New bone from the growth plates has to 
thicken, change in consistency, and is eventually moved along the 
epiphysis. Original growth plate material is not permanent, and is resorbed 
by bone removing cells called osteoclasts (Robling et al., 2006). The 
process of adding and removing bone during the growth period is bone 
modelling, in adulthood, deletion and replacement of bone tissue is called 
re-modelling (White et al. 2011). When osteoblasts become emtombed by 
bone, some differentiate into osteocytes (mature bone cells) (Robling et al., 
2006).  
 
The growth of bone is influenced by both genes and the environment. 
Recent evidence suggests that growth in height is influenced by several 
hundred genetic variants, which are associated with ~27% of the variance 
in adult height (Marouli et al., 2017). Twin studies of recent European 
samples estimate heritability at 80-90% for observed adult stature, however, 
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these are not due to genetics alone but are also influenced by social and 
economic similarities in environments (Wells & Stock, 2011). Living 
standards in Europe are relatively high and could result in overestimations 
of genetic regulation of stature due to less environmental variability (Wells 
& Stock, 2011). 
 
Key periods of bone growth are the first two years of life as well as the 
adolescent growth spurt (Bogin, 1999; Hermanussen et al., 2015). Figure 
2.3 shows an idealised pattern of human height velocity with the growth 
stages: infancy, childhood, juvenile stage, adolescence, and maturity 
(Bogin, 1999). Not all individuals follow the curve exactly, and there is much 
variation in height between individuals, for a great part depending on the 
growth environment. The adolescent growth spurt, shown in the figure 
around 12 years in girls and 14 years in boys, is a period of particularly high 
growth velocity in height, with an average increase of 10 cm/year achieved 
in boys at peak height velocity. Before the adolescent growth spurt, there 
is a smaller increase in height velocity around age 7 (Bogin, 1999). This 
has been labelled the mid-childhood growth spurt and associated with 
adrenarche, an event characterised by the sudden increase in the 
production of adrenal androgens in children (Davies & Cheetham, 2014; 
Patton & Viner, 2007).  Between populations, variations in the timing of both 
the adolescent and mid-childhood growth spurt have been identified (Cole, 
2003; Houghton et al., 2014). In healthy individuals there can be 4–5 year 
variation in age of onset of puberty (defined as the physical changes that 
follow adrenarche) (Patton & Viner, 2007).  
 
Some differences have been identified in the timing and rate of growth 
between parts of the body over the course of development, for instance, 
sitting-height tends to increase in infancy and adolescence, while increases 
in leg length are chiefly observed in childhood (Karlberg, 1998). The 
different growth stages are regulated by hormones. The pubertal growth 
spurt is activated by low oestrogen levels in combination with elevated 
growth hormone secretion (Van Der Eerden, Karperien, & Wit, 2003). In 
males, androgens are an essential part of the masculinization of the 
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skeleton (Van Der Eerden et al., 2003). Transitions between growth stages 
require positive energy balance, delays can result from both undernutrition 
and disease (Hochberg & Albertsson-Wikland, 2008). By around age 18 for 
females, and age 20 for males longitudinal bone growth ceases with the 
fusion of the epiphyses (White et al., 2011). This means the long bones 
have reached their final adult length, and the individual has reached their 
adult stature.  
 
 
 
Figure 2.3 Human height velocity (cm/year) for boys and girls at 
different developmental periods, from Bogin (1999). I=Infancy, 
C=Childhood, J=Juvenile, A=Adolescent, M=Mature 
 
Bone mass reaches its peak in early adulthood after the cessation of growth 
in height (Curtis et al., 2015). Figure 2.4 shows a generalised pattern of 
change in bone mass over the life course (Curtis et al., 2015), and highlights 
the age-related changes and decline from mid-adulthood onwards.  Ageing 
of bone is characterised by increased risk of fractures. Bones become 
weaker with increasing age when the deposition of new bone by osteoblasts 
becomes slower than bone removal by osteoclasts. This is primarily due to 
age-related changes in sex hormone balance (Pearson & Lieberman, 2004). 
In terms of height, there is a reduction in height of up to 1 cm per decade 
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from the third decade onwards, and individuals aged 90 are on average 7 
cm shorter than they were at peak height (Cline et al., 1989).  
 
Figure 2.4 A generalised pattern of bone mass over the life course in 
men and women with (some) factors influencing both peak bone 
mass as well as bone loss, from Curtis et al. (2015) 
 
 
 
2.2.1 Environmental constraints and socioeconomic inequalities in 
skeletal growth 
The environment can place constraints on skeletal growth as bone 
development responds and interacts with both nutritional and disease state 
(Bogin, 1999). There is substantial evidence that especially childhood 
diseases associated with diarrhoea result in reduced capacity to utilise the 
nutrients in food and may lead to hindered skeletal growth (Dillingham & 
Guerrant, 2004; Guerrant et al., 2008). The growing body needs both micro- 
and macronutrients, and these are thought to affect bone growth directly 
through modifying bone turnover, and indirectly via change in hormone 
secretion (Rizzoli, 2008). The consumption of milk is particularly beneficial 
for bone growth because it includes many key nutritients: calcium, vitamins, 
and protein.  
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Children living in areas that have large disease burdens are often more 
stunted (Checkley et al., 2004; Dillingham & Guerrant, 2004; Guerrant et 
al., 2008; Sharpe, 2012). A study from Brazil reported that diarrhoeal 
diseases in the first two years of life can result in a 3.6 cm shortage in 
stature (Moore et al., 2001). The association of linear growth with nutritional 
and disease status interacts with socioeconomic position, in individuals who 
were participants in the INCAP study the nutritional intervention program 
was most successful for the lowest SEP participants and those who had the 
highest diarrhoeal disease burden (Ruel, Rivera, Habicht, & Martorell, 
1995).  
 
More broadly, economic, social and political factors influence human bone 
growth through their association with access to resources, including food 
and health care. The relationship between these wider societal factors with 
disease and malnutrition has been called synergistic, due to interactions 
between these variables (Schaible & Kaufmann, 2007). For instance, 
economic instability can disturb food distribution and prices, which may in 
some contexts lead to malnutrition. Malnutrition can impair child growth, 
compromise the immunity system, and make individuals susceptible to 
infection (Schaible & Kaufmann, 2007). Therefore, political and economic 
factors may expose populations to the more direct causes of linear growth 
faltering. Occupation has often been used as a proxy socioeconomic 
position, and differences in stature between occupations have been 
reported (Floud et al., 1990; Tanner, 1981). In 19th century England traders 
and those working in white-collar jobs were found taller than manual 
labourers and textile workers (Floud et al., 1990). Access to resources is 
probably one explaining factor, but the finding could also reflect 
psychosocial stress that is linked to poverty, because the stress hormone 
cortisol can constraint bone growth (Delemarre-van de Waal, 1993; Walsh, 
2015).  
 
Psychosocial stress may also partially explain the finding that children in 
boarding schools grow more while on holiday at home, where they are 
assumed to be less exposed to stress (Mascie-Taylor, 1991). In a Swedish 
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study, those who self-reported ‘dissention in the family’, and therefore might 
have experienced more stress in childhood, were more likely to be short 
(Peck & Lundberg, 1995). Education is another societal factor connected to 
adult height, a comparison of heights in ten European countries found that 
lower educated individuals were shorter than those with a higher education 
level (Cavelaars et al., 2000). As the study was conducted in Europe the 
results indicate that inequalities in growth exist even in countries with 
overall good access to resources such as free education and health care. 
Economic growth in itself does not reduce rates of growth faltering (Vollmer 
et al., 2014), yet even in high-income countries lower SEP individuals 
continue to have shorter height (Bann et al., 2018; Nabwera, Fulford, Moore, 
& Prentice, 2017).  
 
In Guatemala SEP differences in height are currently high at the national 
level, the most recent Demographic and Health Survey reported that 66% 
of children under 5 in the lowest income quintile are stunted in contrast to 
‘only’ 17.4% in the wealthiest quintile (MSPAS/INE/ICF, 2017). The sample 
included both urban and rural individuals, and the survey did not report 
heights or prevalence of growth faltering after age 5 years. In subsamples 
of the UVG Study, SEP inequalities in height for urban children have shown 
that, on average, the highest SEP children were 12 cm taller than the lowest 
SEP children across ages 5 to 15 measured between 1976 and 1985 (Bogin 
et al., 1989). SEP inequalities in the heights of the entire UVG sample have 
not been reported but could provide information of the overall magnitude of 
height SEP inequality in urban Guatemalans across the later childhood and 
adolescent years, and which may carry on into adulthood, as height gains 
after the growth spurt are relatively minor (Figure 2.3). 
 
2.2.2 Secular trends in height 
Changes in the average height of a population over time are taken to 
indicate changes in the living environment, making “growth … a mirror of 
the conditions of society” (Tanner, 1992). Such changes over time are 
called secular trends (Hauspie, Vercauteren, & Susanne, 1997). Secular 
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trends may relate to the nutritional or disease environment, as well as 
changes in economic and political factors. There is no uniform context in 
which a secular change in height occurs, but positive trends have been 
linked to an overall improvement in the standard of living, while worsening 
conditions have been linked with negative height trends (Cole, 2003; Floud 
et al., 1990; Komlos, 1995).  A well-known example of a secular trend in 
height comes from research on the Maya of Guatemala (Bogin, Smith, 
Orden, Silva, & Loucky, 2002). Children of Maya immigrants brought up in 
the USA showed increased stature compared to their parents’ generation 
of up to 10 cm. The Maya children living in the US had access to more 
resources, including improved nutrition as well as a lesser disease burden 
early in life. The general global trend of secular change in growth has been 
an increase in stature and growth velocity since the 19th century (Cole, 
2000; NCD-RisC, 2016). This follows, to an extent, the demographic and 
subsistence change from agrarian societies towards industrialised states 
(Hauspie et al., 1997).  
 
In Japan and China, there has been a secular decline in age at peak 
velocity in height since World War II (Malina et al., 2004). From here, the 
age at peak growth velocity (APV) is taken as a proxy for the timing of the 
adolescent growth spurt (Cole, Donaldson, & Ben-Shlomo, 2010). In 
studies where longitudinal growth data are not available, age at peak 
velocity is commonly replaced by age at menarche, which takes place 
shortly after the APV in height (Tanner, 1981). In Europe and North America, 
an earlier age at menarche since the 19th century has been widely reported 
(Cole, 2000). This trend seems to plateau after age at menarche reaches 
~13 years, even in the presence of continuing positive height trends (Cole, 
2000). The factors likely to influence secular trends in the timing and 
velocity of growth include genes, intrauterine growth, hormones 
(particularly IGF-I), nutritional status and prepubertal calcium intake (Cole, 
Ahmed, Preece, Hindmarsh, & Dunger, 2015; Karaolis-Danckert, Buyken, 
Sonntag, & Kroke, 2009; Ward et al., 2014; Wehkalampi et al., 2008). 
Further, obesity status is related to onset and completion of puberty 
whereby obese boys and girls presented an earlier onset and completion 
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of puberty, and an impaired height gain during puberty (De Leonibus et al., 
2014). 
 
Despite the overall secular increases in heights globally, an estimated 162 
million children under 5 years of age are stunted (WHO, 2017). In 
Guatemala, the reported increase in average height over the last 100 years 
has been modest by global comparison, at 9.6cm for males, and 9.1cm for 
females, leaving the women the shortest of any living population, and the 
men the 11th shortest (NCD-RisC, 2016). To compare, the height of South 
Korean women increased by 20 cm and the height of Iranian men by 17 cm 
within the same time period (NCD-RisC, 2016). Secular decreases in height 
in Guatemala have been reported for both very high, upper-middle, and low 
SEP urban children during and following the most severe phase of the 
Guatemalan civil war in the 1980s (Bogin & Keep, 1999), but outside this 
time period, secular changes in child and adolescent height trajectories in 
the country have not been investigated. 
 
2.2.3 Associations between skeletal growth and later outcomes 
Particularly stunting can have long lasting health consequences by 
increasing the risk of coronary heart disease, stroke and respiratory disease 
(Davey Smith et al., 2000). Childhood bone growth has been associated 
with early life environmental conditions, as well as later life health and 
disease risk (Mikkola et al., 2017; Ward, Adams, Prentice, Sayer, & Cooper, 
2014). Shorter adult height relates to a higher risk for cardiovascular 
disease and adverse pregnancy outcomes, while increased bone length 
and strength are associated with larger bone size and strength in early old 
age (Kuh, Wills, et al., 2014; NCD-RisC, 2016), as well as a lower risk for 
fractures (Cooper et al., 2001). In women there is a notable decline in bone 
mass after menopause, related to the effects of decreased oestrogen levels 
(Walsh, 2015), which increase the risk for fractures for postmenopausal 
women (Van Staa, Dennison, Leufkens, & Cooper, 2001).   
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The timing of linear growth events further relates to later life health (Viner 
et al., 2015). In women, there is an association between early pubertal 
timing and increased occurrence of obesity in adulthood (Laitinen, Power, 
& Järvelin, 2001). A systematic review identified a negative association 
between earlier pubertal timing and cardiovascular mortality, hypertension, 
metabolic syndrome and abnormal glycaemia (Prentice & Viner, 2013). 
Early pubertal timing is further associated with increased risk for mental 
health problems, diabetes, and higher lean-to fat mass ratios (Patton & 
Viner, 2007; Viner et al., 2015). The mechanisms through which some of 
these associations can be explained are not fully understood. Although 
most of the later negative health outcomes are associated with early 
puberty, there is some evidence of negative associations between delayed 
puberty and later life health. For instance, a 5-year increase in age at 
menarche has been associated with an 8% lower bone mineral density at 
age 60-64 years in UK women (Kuh et al., 2016). This finding may have its 
origins in delayed bone mineral accretion, which is associated with delayed 
puberty, as well as osteoporosis and fracture risk (Patton & Viner, 2007). 
Currently, there is no agreement on what an ‘optimal’ timing of puberty in 
relation to risk for adult disease outcomes would be. 
In Guatemala, later outcomes associated with earlier life linear growth 
(faltering) have been investigated using data from the INCAP study, but no 
data exist on associations with adolescent linear growth. The INCAP study 
had a follow-up in the years 1988–89, 1996–99, 2002–04 and 2005–07 
(Stein, Melgar, Hoddinott, & Martorell, 2008). The follow-up studies found 
that growth faltering in infancy was associated with small body size at 
adulthood, and reduced work capacity (Martorell, 2010). Linear growth 
faltering before age 3 years was further associated with a lower body mass 
index and percent body fat in adult men, whereas no associations were 
found in women. However, in both sexes severely stunted children had 
greater waist-to-hip ratios as adults (Schroeder, Martorell, & Flores, 1999), 
which means they are likely at greater risk for abdominal obesity, and 
therefore, cardiometabolic diseases. The INCAP cohorts are not old 
enough yet (oldest participants currently aged approximately 50 years) to 
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investigate associations of growth and old age outcomes, restricting the 
current understanding of life course associations in linear growth in 
Guatemala. 
 
2.2.4 Bone age and maturation  
In addition to stature, trajectories of skeletal development can be examined 
by investigating bone maturation or bone age. Bone age has been 
traditionally assessed from hand-wrist X-rays by visual comparison to a 
reference atlas of X-ray images of ‘healthy’ children (Greulich & Pyle, 1959). 
Bone age is calculated in years and in theory, should be equal to 
chronological age (Bogin, Sullivan, Hauspie, & Macvean, 1989). However, 
population differences in the rate and timing of skeletal maturity have been 
reported and reflect differences in nutrition, socioeconomic status and 
genetics (Cole & Cole, 1992; Pathmanathan & Raghavan, 2006). In South 
Africa females, regardless of ethnicity, reach skeletal maturity at the same 
age around 15 years whereas Black males are delayed in maturation (Cole 
et al., 2015). This suggests that boys may have greater sensitivity to 
environmental constraints related to bone maturation than girls (Cole et al., 
2015). In Guatemala, seminal work in the 1960s and 1970s connected a 
child’s nutritional status to bone maturation and showed that protein-calorie 
deficiency resulted in retardation of cortical bone growth in the hand and 
wrist of children of both sexes participating in the INCAP study (Garn, 
Guzmán, & Wagner, 1969; Garn, Rohmann, Behar, Viteri, & Guzman, 1964; 
Himes et al., 1975). The consumption of a food supplement during 
childhood was associated with greater bone mineral content, bone width, 
and bone mineral density during adolescence (Martorell, 2010). In a study 
on a subsample of the UVG Study low SEP individuals showed lower bone 
age compared to high SEP individuals, however, the reported differences 
were smaller than those for height and weight (Bogin et al., 1989). Adult 
outcomes associated with ‘early’ or ‘late’ bone maturation are currently not 
well-understood, but there is evidence for earlier bone age in adolescence 
in obese individuals, and particularly for those who show signs of insulin 
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resistance (de Groot et al., 2017; Loredana Marcovecchio & Chiarelli, 2013). 
If this trend carries on into adulthood, early bone age, similarly to early 
puberty, may be associated with increased risk of cardiovascular disease 
and mortality (Engeland, Bjørge, Tverdal, & Søgaard, 2004). 
 
 Weight and BMI 
The growth of children in total body weight is monitored using similar tools 
to height, most commonly, international reference charts produced by the 
World Health Organisation (WHO) or the Centres for Disease Control and 
Prevention (CDC) (CDC, 2000; WHO, 2007a). Figure 2.5 shows the 
average weight trajectory from age 5 to age 10 for boys from the WHO 2007 
growth standard with the green line in the middle of the figure indicating 
mean or ‘normal’ weight-for-age (WHO, 2007b). 
 
Figure 2.5 WHO 2007 weight-for-age growth reference for boys aged 
5-10 years (Z-scores). 
 
The components of human body weight are traditionally classified into fat 
and fat-free mass, whereby lipids constitute the fat mass, and other 
substances including bone, muscle and body water are counted as fat-free 
mass. So-called lean mass constitutes of 50% skeletal muscle, the rest 
includes for instance the mass of the internal organs (Heo et al., 2002). To 
disentangle the components of body weight, there has been extensive 
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research investigating how to best measure body composition of both 
children and adults, that is, the proportion of weight attributed to lean mass, 
fat mass and body water (Wells, 2007; Wells & Fewtrell, 2006). From a life 
course perspective information on body composition is vital as later life 
disease risks are differentially associated with each component of body 
mass with abdominal fat generally considered the most detrimental type of 
tissue to accumulate in adulthood, and linked to increased mortality (Kuk, 
Saunders, Davidson, & Ross, 2009; Wells, 2007).  
 
Obesity is defined as excess body fat but classified by BMI, which is excess 
weight for height (Wells, Coward, Cole, & Davies, 2002). In children, obesity 
is defined as excess weight-for-height-for age. In epidemiological studies, 
direct measures of body fat are often not available due to the high monetary 
costs associated with methods such as DXA, underwater weighing and 
bioimpedance analysis (Freedman et al., 2004). Skinfold measurements 
are less expensive but difficult to standardise leaving much work on obesity 
to substitute direct measures of body fat with BMI (Freedman et al., 2004). 
Cut-offs are applied to categorise people as underweight, normal weight, 
obese, etc (WHO, 2018a). Figure 2.6 shows the WHO growth reference for 
BMI-for-age Z-scores for girls between ages 5 and 19 years, and again, the 
green line indicates ‘normal’ values while the other lines highlight the BMI 
categories of severe thinness, thinness, overweight and obesity  (WHO, 
2007a). 
Chapter 2: Background                                                                                                                           
 
 
25 
 
 
Figure 2.6 WHO 2007 BMI-for-age growth reference for boys aged 5-
19 years (Z-scores). 
 
Measuring obesity status or adiposity using BMI has several limitations, 
including that proportion of body fat to lean mass cannot be assessed, 
neither can changes in the distribution of fat, which may be more relevant 
in terms of nutritional requirements and metabolic risk (Wells & Fewtrell, 
2006). In children, an additional issue is that BMI does not account for 
differences in developmental timing, whereby a child with high BMI-for-age 
may be an early maturer compared to the population mean used to create 
the reference.  
 
Despite these limitations, BMI continues to be used as an inexpensive and 
easily available measure (Freedman et al., 2004), and there is evidence of 
high agreement between BMI and body fat estimates in children and 
adolescents (Pietrobelli et al., 1998; Sarría et al., 1998). However, some 
caution is warranted as while BMI shows high specificity in identifying 
children with high body fat, sensitivity is low and ‘normal weight obese’ 
participants can be overlooked (Wohlfahrt-Veje et al., 2014). This is in line 
with a meta-analysis of the diagnostic performance of BMI in adults, which 
found that BMI was poor at detecting excess fatness in the absence of 
overweight (Okorodudu et al., 2010). In terms of the predictive value of BMI, 
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there is some evidence that BMI may be as accurate as body fat percentage 
in identifying metabolic risk in adults (Freedman, Katzmarzyk, Dietz, 
Srinivasan, & Berenson, 2010; Mooney, Baecker, & Rundle, 2013; 
Petkeviciene et al., 2015). The following sections detail the life course 
trajectories, secular trends and known life course associations of two 
components of body weight: fat and muscle. Literature on BMI is 
incorporated to the fat mass section.  
 
 Fat mass life course trajectories 
Humans are one of the ‘fattest’ animals at birth with approximately 15% 
body fat, a higher percentage than that measured for our closest primate 
relatives, or even baby seals (Kuzawa, 1998). The heritability of fat mass in 
humans has been estimated to be around 60-70% (Hsu et al., 2008), but 
similarly to height, is likely to be influenced by the environmental conditions 
of the population that is used to create the estimates. Fat cells are 
distributed around the body in organs and tissues, but largely group around 
so-called fat depots, which consist of a large number of fat cells held 
together by collagen (Malina et al., 2004). The growth of fat tissue occurs 
both through hypertrophy and increase in number (hyperplasia) (Malina et 
al., 2004). Over the course of infancy, there is an initial increase in body fat 
percentage followed by a decrease from around 9 months of age (Figure 
2.8). After this peak the proportion of fat begins to gradually decline and 
reaches its low point between 5 and 7 years of age (Kuzawa, 1998). From 
mid-childhood and during adolescence, the amount of body fat between the 
sexes diverges with females accumulating more fat (Figure 2.9). In BMI, the 
maximum rate of increase corresponds to the adolescent growth spurt 
(Malina et al., 2004). Studies suggest that timing of puberty plays a part in 
life course weight patterns whereby those who enter puberty earlier have a 
higher BMI across their life (Pierce & Leon, 2005).  
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Figure 2.7 Developmental changes in body composition for males 
and females aged 0 to 60 months, from Kuzawa (1998), based upon 
Fomon, Nelson, & Ziegler (1982) reference body composition 
estimates 
 
 
 
Figure 2.8 The relationship between age and fat mass index in males 
and females up to age 20, from Wells (2007) 
 
The differences in body composition between males and females change 
further in adulthood, when again, females tend to accumulate more fat 
mass compared to males, even if their weight remains stable (Wells, 2007). 
These patterns are commonly thought to originate from the  requirements 
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of the female reproductive system which needs sufficient fat reserves to 
support pregnancy and lactation (Wells, 2007). In later life, increases in 
abdominal adiposity and fat in skeletal and cardiac muscle, liver, and bone 
marrow are observed in both males and females who live in high-income 
industrialised countries (Kuk et al., 2009). 
 
In low-income countries the pattern is reversed and many elderly suffer 
from malnutrition and thinness (Wells, 2007). Some evidence suggests that 
after age 70 even amongst wealthy populations percentage body fat begins 
to slowly decrease (Kuk et al., 2009). However, the distribution of body fat 
is important, as ageing has also been associated with changes in regional 
fat distribution whereby in the presence of decreasing BMI, the elderly can 
experience increases in abdominal circumference, a measure of abdominal 
fat (Kuk et al., 2009). One factor which may explain this phenomenon is 
sarcopenia related decline in muscle mass. Individuals who suffer from 
sarcopenia might show a a decrease in absolute weight (and therefore, 
BMI), even in the presence of increases in fat mass, as muscle is heavier 
than fat. Overall, it has been suggested that the ability of BMI to assess 
mortality risk is reduced in the elderly (Calle, Thun, Petrelli, Rodriquez, & 
Heath, 1999). Unfortunately, there are no clinical references of ‘normal’ or 
desirable range of percentage body fat, beyond those created based on 
corresponding BMI categories (Chumlea et al., 2002; Gallagher et al., 
2000). This makes the evaluation of body fat estimates challenging, as 
individuals at increased risk for later negative health outcomes cannot be 
easily identified based on their estimated body fat percentage.  
 
In Guatemala, longitudinal BMI trajectories for children and adolescents 
have not been published. As mentioned, the INCAP study did not collect 
yearly anthropometric measurements, and DHS Surveys and the World 
Bank only report cross-sectional data of child and adolescent weight-for-
height status (Marini & Gragnolati, 2003; MSPAS/INE/ICF, 2017). Previous 
work from the UVG Study has not focused on BMI, or modelled trajectories 
in the measure. Considering the epidemiological importance of identifying 
individuals and children at increased risk for obesity, weight and BMI 
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trajectories of Guatemalan children across SEP groups could provide 
important reference data. 
 
2.4.1 Environmental effects, inequalities and secular trends in 
obesity 
Key factors influencing fatness and obesity include nutrition and physical 
activity. In the late 1990s the concept of an ‘obesogenic environment’ was 
first introduced to explain the high rates of cardiovascular disease among 
a group of Native Americans living in Arizona (Swinburn, FRACP, Egger, & 
Raza, 1999). Obesogenic is defined as influences that the surroundings, 
opportunities, or conditions of life have on promoting obesity in individuals 
or populations (Swinburn et al., 1999). This includes easy access to 
affordable and unhealthy diets which are high in fat, sugar and salt. In the 
last 15 years, obesogenic has become a term associated with chiefly urban 
lifestyles that enable unhealthy behaviours such as consumption of energy 
rich diets and lack of physical exercise. Table 2.1 , from Popkin, Adair, & 
Ng (2012) highlights a conflict between human biology and technology, 
which may explain obesogenic behaviours (e.g. humans have evolved 
nutritional preferences including a sweet and fatty food preference, which 
are now supported by food technological advancements even if these are 
detrimental to health). 
 
Biology Technology 
Sweet preferences Cheap caloric sweeteners, food 
processing benefits 
Thirst and hunger/satiety 
mechanisms are not linked 
Caloric beverage revolution 
Fatty food preference Edible oil revolution; high-yield 
oilseeds; cheap removal of oils 
Desire to eliminate exertion Technology in all phases of 
movement/exertion 
Table 2.1 Technology at conflict with human biology, from Popkin, 
Adair, & Ng, (2012) 
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Worldwide, obesity prevalence has tripled since year 1975, and currently, 
more than 1.9 billion adults are overweight making the ‘obesity epidemic’ 
one of the key health problems of our time with the United Nations declaring 
that global action is required to change the current obesogenic environment 
and tackle childhood obesity in particular (WHO, 2018a). Recent work on 
the life course epidemiology of obesity has begun to investigate changes in 
obesity patterns (measured again by BMI) over time. A secular trend in 
obesity prevalence has been reported in many countries based on cross-
sectional evidence, and for the UK and the US work has been done using 
large cohort studies (Johnson, Li, Kuh, & Hardy, 2015; Lee et al., 2010). In 
the US, it was found that recent birth cohorts are becoming obese in greater 
proportions for a given age, and are experiencing a greater duration of 
obesity over their lifetime (Lee et al., 2010). Cohorts born between 1946-
1965 reached an obesity prevalence of 20% by age 40, but those born 
between 1965-1985 reached the same prevalence already by age 30 (Lee 
et al., 2010). A similar pattern was found in the UK, where trajectories of 
overweight or obesity have showed that more recently born cohorts (1990, 
2001) developed greater probabilities of overweight or obesity at younger 
ages than older birth cohorts (born in 1946, 1958 and 1970) (Johnson et 
al., 2015). The estimated probabilities of overweight or obesity by age 10 
were 2–3 times greater in cohorts born after the 1980s than those born 
before the 1980s (Johnson et al., 2015). 
 
At the same time, socioeconomic inequalities in obesity have shifted, there 
was little inequality in childhood BMI in the UK 1946, 1958 and 1970 birth 
cohorts but in the 2001 cohort inequality in average BMI between the lowest 
and highest SEP individuals was close to 1 kg/m2 at age 11 (Bann et al., 
2018). A systematic review investigating SEP and obesity associations for 
12 other high-income countries found that SEP and adiposity were 
predominately inversely associated, and positive associations had nearly 
disappeared (Shrewsbury & Wardle, 2008).  Overall, this work has 
highlighted an earlier onset for obesity over time, and increasingly, it seems 
the less privileged individuals in high-income countries suffer more from 
overweight and obesity. Combined with the increasing exposure to obesity 
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over the lifetime in younger generations suggests that particularly young 
individuals of low SEP are at an increased risk for negative obesity related 
outcomes compared to earlier cohorts and more well-off individuals in high-
income countries.  
 
There is a difference in the direction of association between socioeconomic 
positions and obesity between high- and low-income countries, which has 
been studied extensively. A systematic review found a strong positive 
relationship between SEP and obesity among men, women, and children in 
developing societies in the late 1980s (Sobal & Stunkard, 1989). More 
recent work has identified that while this trend continues in many low- and 
middle-income countries to this day, low SEP groups have started to show 
higher rates of BMI increase compared to higher SEP individuals (Jones-
Smith et al., 2012; Popkin et al., 2012). This trend seems to be affecting 
countries with increasing gross-domestic-product (GDP) in particular 
(Jones-Smith et al., 2011), which could relate to increased access to high 
calorie diets, motor-powered transport including cars and motorcycles, and 
other possibly ‘obesogenic’ lifestyle factors that may become more widely 
available to the lower SEP when the overall wealth of a country increases. 
 
Data on Guatemalan adult women suggest that while obesity prevalence 
increased between the years 1995 and 1998 for all income quintiles, there 
was much higher overweight prevalence in the higher wealth groups in both 
years (Jones-Smith et al., 2012). The most recent Demographic and Health 
Survey from 2015 shows that since 1998, the prevalence of adult obesity 
has continued to increase, and is currently at around 25% for urban 
Guatemalan women, unfortunately, the most recent rates are not reported 
by income level (MSPAS/INE/ICF, 2017). For Guatemalan men, less data 
are available but the direction of the association between obesity and 
income seems to mirror that of women, men of the highest income or 
‘consumption’ quintile had an obesity prevalence of 11.8% in 2000 
compared to only 1.7% among the poorest (Marini & Gragnolati, 2003).  
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For urban Guatemalan children, the obesity rate in 2000 was reported to be 
at 7.2% (Marini & Gragnolati, 2003), however, it is currently unknown to 
what extent SEP inequalities exist in childhood and adolescent BMI. 
Studies investigating BMI changes over time and between SEP groups are 
needed to provide information on the origins of the currently increasing 
obesity rates, and the context in which BMI, and SEP inequalities in BMI, 
begin to increase in low- and middle-income countries.  
 
2.4.2 Associations between obesity, fatness and later outcomes 
In life course epidemiological work, BMI is used as a proxy for fatness. High 
BMI has been associated with increased risk of metabolic syndrome, 
cardiovascular disease, cancer, osteoarthritis, and mortality (WHO, 2018a). 
The length of the exposure to obesity has been identified as a key risk factor 
whereby individuals who experience obesity from childhood throughout life 
are at most risk (Herouvi, Karanasios, Karayianni, & Karavanaki, 2013; 
Umer et al., 2017). Pubertal timing has been associated with BMI change 
from childhood to adulthood with higher mean BMI for the earlier maturers 
at ages 7 to 33 years (Power, Lake, & Cole, 1997). The mechanisms 
explaining the association between obesity (or fatness), and negative 
health outcomes are not fully understood, but are thought to be related to 
the metabolic functions of fat (Vegiopoulos, Rohm, & Herzig, 2017). Fat 
acts as the body’s energy storage (white fat cells), insulation barrier (brown, 
and to some extent, beige fat cells), as well as secretes numerous hormonal 
mediators such as adipokines or lipokines (Vegiopoulos et al., 2017). 
Consequently, dysfunction of these processes is thought to be tightly linked 
to metabolic disorders. For instance, an excessive lipid load causes 
‘adipocyte stress’, which can cause a low-grade inflammatory response that 
may ultimately lead to metabolic dysfunction such as glucose intolerance 
(Hotamisligil, 2006). 
 
Although there is consistent evidence for associations between high 
childhood BMI, negative cardiovascular outcomes, and mortality (Reilly & 
Kelly, 2011), there is a lack of evidence for effects independent of adult BMI 
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(Lloyd, Langley-Evans, & McMullen, 2012; Park, Falconer, Viner, & Kinra, 
2012). Studies using direct measures of body fat in children could be used 
to explore the issue, as it is body fat that explains the associations between 
obesity and negative health outcomes (Lear, Humphries, Kohli, & 
Birmingham, 2007). Work investigating the tracking of BMI across the life 
course has found that tracking was weaker at late adult ages when chronic 
diseases generally emerge (Aarestrup et al., 2016). These findings rely on 
cohort data where the individuals were children before the beginning of the 
epidemic and thus, were not exposed to an obesogenic environment during 
growth. In more recent cohorts, where obesity prevalence is high during 
growth, tracking patterns may differ.  
 
Some studies find that weight gain and body fat are not only associated 
with negative health outcomes, and particularly studies on later life fracture 
risk and prevalence find that fat can be protective of bone related disease 
(Reid, 2008). Further, childhood thinness has been associated with risk of 
later life fractures, likely because of the effects of low fat on bone 
mineralisation (Javaid et al., 2011).  
 
There is some evidence that life course associations related to weight gain 
may be different between low- and high-income countries, at least in infancy. 
Rapid weight gain during infancy in high-income countries is often 
considered a risk factor for later life disease, but was found unrelated to 
adult cardiometabolic health amongst five lower income populations who 
suffer from very adverse early life conditions (Adair et al., 2013). It could be 
that many of the babies born to the lower income countries are at higher 
risk for smaller size at birth, and therefore rapid weight gain after birth is a 
positive. In high-income countries most infants have healthy birth weights 
and those gaining weight more rapidly than the mean may be receiving too 
much energy and are overweight.  
 
The follow-up to the INCAP study found that exposure to the nutritional 
supplement during the first 1000 days was not associated with BMI in 
adulthood (measured at approximately age 34) but higher childhood SEP 
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was associated with increased odds of high BMI in both Guatemalan 
women and men (Ford, Martorell, Mehta, Stein, & Ramirez-Zea, 2016). 
Further, prenatal, infant, early and later childhood were independently 
associated with measures of adult body composition (Corvalan, Gregory, 
Ramirez-Zea, Martorell, & Stein, 2007). Increases in BMI between 3 and 7 
years had stronger associations with adult fat mass and abdominal fat than 
with fat free mass, and increases in length prior to age 3 were associated 
with increased fat free mass in adulthood (Corvalan et al., 2007). This 
suggests that height gain in early childhood and BMI gain in later childhood 
differentially predict adulthood fatness in poor environments. Data on 
adolescent growth were not available, and so far, the associations of 
pubertal BMI gain with later fatness or weight status have not been 
investigated in Guatemala. This information is needed as data from high-
income countries suggests that adolescent BMI is both an independent 
predictor of adult mortality, and a better predictor of adult obesity status 
than childhood BMI (Aarestrup et al., 2016; Engeland et al., 2004).  
 
 Muscle mass and strength life course trajectories 
Muscle is physiologically related to bone as they form the musculoskeletal 
system responsible for maintaining mobility, the ability to undertake 
physical tasks as well as preventing falls (Ward et al., 2014). The heritability 
of muscle mass has been estimated to be similar to fat mass, approximately 
60%, although lower estimates of ~50% have been reported (Arden & 
Spector, 1997; Hsu et al., 2008). Muscle growth tracks the growth of bone, 
and at the cellular level, largely consists of an increase in mass through 
increase in muscle fibre length (hypertrophy) (Schiaffino, Dyar, Ciciliot, 
Blaauw, & Sandri, 2013). Muscle fibres are individual cells that can be up 
to several centimetres long (Mitchell et al., 2012). During embryogenesis, 
skeletal muscle forms in the vertebrate limb from progenitor cells which 
migrate into the limb bud, where they proliferate (Buckingham et al., 2003). 
Across the life course, muscle growth can be promoted by mechanical 
stimuli (Schiaffino et al., 2013), and proponents of the mechanostat theory 
argue that developmental changes in bone strength are secondary to the 
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increasing loads imposed by larger muscle forces (Rauch, Bailey, Baxter-
Jones, Mirwald, & Faulkner, 2004). Figure 2.9 visualises this phenomenon 
using data on pubertal growth in lean and bone mass from participants of 
the Paediatric Bone Mineral study, and shows that lean body mass tends 
to peak before bone mass in both males and females (Rauch et al., 2004). 
After puberty, males have on average 1.5 times more fat free mass than 
females, which reflects both the male adolescent spurt in muscle and the 
sex difference in stature (Malina et al., 2004). 
 
 
Figure 2.9 Upper limb lean body mass (LBM) and bone mineral 
content (BMC) growth velocity during the pubertal growth spurt. Age 
at peak height velocity is shown as a reference point for pubertal 
development, from Rauch et al. (2004).  
 
 
Muscle mass reaches its peak in humans around age 24 and muscle 
strength around age 30, with strength maintained well through to age 50 
(Deschenes, 2004). In muscle mass, a noticeable loss begins by age 45 
(Janssen, Heymsfield, Wang, & Ross, 2000). The loss of muscle mass and 
function is termed sarcopenia and although definitions vary, it is agreed that 
the causes of sarcopenia are multifactorial (Curtis et al., 2015). At the tissue 
level, sarcopenia involves less, thinner and shorter muscle fibres, whereby 
a 50% reduction in fibre number has been observed in one of the 
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quadriceps muscles of men between mean age 19 and 82 years (Mitchell 
et al., 2012). Additional changes in muscle with age include alterations in 
fibre biochemistry, accumulation of abnormal shrunken fibres as well as 
possibly hormone induced muscle loss in tandem with decreased 
testosterone in males, who lose muscle faster than women in old age 
(Mitchell et al., 2012). Sarcopenia can be assessed by measurement of 
physical capability, such as walking speed, gait speed and grip strength, 
which is a common measure of overall muscle strength (Curtis et al., 2015; 
Ling et al., 2010; Martin-Ruiz & von Zglinicki, 2014). In a study of over 8000 
Danish people the age trajectory of hand grip strength showed almost linear 
decline between 50 and 85 years (Frederiksen et al., 2006). A potential 
confounding variable for grip strength studies is inactivity and a sedentary 
lifestyle, which may explain decreased muscle strength without being 
related to the ageing process per se. 
 
Sarcopenia is, to some extent, determined by peak muscle mass and rate 
of loss with the proportion variance explained by genetic effect decreases 
with advancing age (Carmelli & Reed, 2000). More recent work has 
highlighted that in many cases, muscle size plays a relatively minor role for 
muscle strength (Clark & Manini, 2012). Similarly to bone loss, sarcopenia 
requires cellular breakdown to exceed production, but additionally, it has 
been suggested that there is also loss of muscle quality through changes 
in protein synthesis (Mitchell et al., 2012). This condition, labelled 
dynapenia, leads to lack of muscle strength, which some argue is a more 
consistent factor of well-being in old age than sarcopenia (Mitchell et al., 
2012). Loss of muscle mass may also increase fracture risk through 
increased risk for falls and compromised muscle function is an independent 
predictor of hospitalisation, disability and death (Curtis et al., 2015; Mitchell 
et al., 2012). There is no consensus on the rate of decline in muscle mass; 
most over 70 years of age will possess about 80% of the muscle mass they 
had at 20-30 years (Mitchell et al., 2012). Figure 2.10 highlights the life 
course trajectory of muscle strength, including range for individual  
differences both in peak strength as well as age-related decline (Cruz-
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Jentoft et al., 2018). The schematic follows the theoretical framework 
posited by the Life Course Epidemiological model. 
 
 
Figure 2.10 Muscle strength across the life course, from Cruz-Jentoft 
et al. (2018) 
 
Figure 2.11 shows the ‘subtle’ decrease in muscle mass after age 45 based 
on cross-sectional data. The figure highlights the remarkable variation in 
muscle mass between individuals of the same age across life course and 
within ethnicities (Silva et al., 2010).  
 
 
Figure 2.11 Expected skeletal muscle mass in women and men by 
ethnic background aged 18-80 years, from Silva et al. (2010). Red = 
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European American (in Figure key: White) Blue = African American, 
Green = Hispanic, Purple = Asian. Weight and height were adjusted 
for in muscle mass comparisons.  
 
Unfortunately, most longitudinal cohort studies did not include measures of 
muscle strength during growth, and only introduced hand grip measures to 
the study protocols in adulthood. This means the existing life course 
trajectories in grip strength are based on data from cross-sectional or small 
longitudinal studies spanning only a few years, and often combine data from 
multiple sources (Dodds et al., 2014, 2016; Frederiksen et al., 2006; Häger-
Ross & Rösblad, 2002). This limits the current understanding of growth 
patterns in grip strength as individual level changes cannot be modelled or 
associated with old age outcomes. Growth trajectories of grip strength 
would be informative of the pattern and variation of growth in grip strength, 
and more broadly, in muscle, including information on the timing of growth.  
 
 
2.5.1 Environmental factors, inequalities and secular trends in 
muscle  
Muscle shows high developmental plasticity, and particularly secondary 
muscle fibre number and size are affected by environmental conditions (e.g. 
nutrition both before and after birth) (Sayer et al., 2008). Although the 
environmental factors influencing muscle development and growth are 
similar to bone, some key differences exist. Notably, the extent to which 
muscle responds to physical activity is higher than the response observed 
in bone, and lack of activity results in larger decreases in muscle mass than 
bone mineral content (Rittweger et al., 2005). Muscle growth is further 
influenced by hormonal balance, sex, age and neuromuscular factors (De 
Ste Croix, 2007). Environmental influences on muscle growth have not 
been studied as extensively as those affecting bone, possibly because 
growth (faltering) in muscle is not routinely recorded in public health 
research and interventions. Further research is needed to identify risk 
factors related to poor muscle growth over childhood and adolescence, and 
their association with later health outcomes. 
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From late 19th to mid-20th century, many industrialised countries have 
experienced a positive secular trend in muscle strength, generally in 
proportion to positive secular changes in height (Malina, 2004). For 
instance, based on cross-sectional evidence the hand grip strength of 
Californian boys, increased by 2.2 kg between 1935 and 1959 (Malina et 
al., 2004). Over the last 70 years this pattern has reversed, and a secular 
decrease in muscle strength and physical performance has been reported 
in the UK, Netherlands and Sweden (Cohen et al., 2011; Matton et al., 2007; 
Westerståhl, Barnekow-Bergkvist, Hedberg, & Jansson, 2003). The decline 
in strength and physical performance often coexists with a trend for 
increased body mass and estimated fat mass in the study individuals. 
Secular trends in muscle strength have not been investigated in Guatemala, 
and it is unknown if these reflect reported height, weight or BMI trends. 
 
Socioeconomic inequalities in muscle function have been reported from the 
UK, where SEP across life was found related to adult physical performance 
in the British 1946 cohort (Strand, Cooper, Hardy, Kuh, & Guralnik, 2011). 
The study showed that childhood and adulthood SEP were positively 
related to standing balance and chair rise performance, but not to grip 
strength (Strand et al., 2011). A systematic review found further support for 
the association, reporting that lower childhood SEP is associated with 
modest reductions in physical capability, including grip strength, walking 
speed, chair rising and standing balance time in adulthood in studies 
ranging from the UK to Sweden, Denmark, France, South Korea and many 
Latin American countries (Birnie et al., 2011). The authors hypothesise that 
the association may be due to childhood SEP influencing peak physical 
capability in early adulthood, thereby affecting capability levels in later 
adulthood (Birnie et al., 2011). Due to the lack of childhood and adolescent 
physical capability data in most cohort studies, the association between 
childhood SEP and childhood physical capability was not studied. There is 
some information available on the topic for a subsample of the UVG Study 
which reported that lower SEP individuals had poorer hand grip strength 
compared to high SEP children (MacVean, 1979), unfortunately, these 
findings were never published in a scientific journal and have not been 
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widely cited. SEP and grip strength associations have not been investigated 
for the entire UVG Study sample, but could be informative of the 
hypothesised association between childhood socioeconomic position and 
peak grip strength postulated by Birnie et al. (2011).  
 
2.5.2 Associations between muscle and later outcomes 
Poor upper extremity muscle strength is associated with increased mortality, 
both in individuals in their 70s and 80s, as well as among the oldest old, 
that is, those over 85 years (Laukkanen et al., 1995; Ling et al., 2010). Poor 
grip strength has further been associated with a variety of  problems 
including decline in activities of daily living (ADL) and cognitive function 
(Taekema et al., 2010). In a systematic review, low grip strength was shown 
consistently to be associated with greater likelihood of premature death, 
development of disability and increased risk of complications after surgery 
(Bohannon, 2008).  
 
Grip strength is widely considered a useful tool for screening middle-aged 
and older adults, due to its association with other variables that are 
potentially causally related to the negative health outcomes, such as 
physical frailty, nutritional status and vitality (Bohannon, 2008). At age 75, 
individuals who have higher fat free mass tend to have better hand grip 
strength, highlighting the importance of body composition for arm functional 
capacity in old age (Dey et al., 2009). As mentioned, poor grip strength 
could at times reflect physical inactivity instead of directly measuring the 
ageing process. On the other hand, inactivity may be associated with other 
age-related processes, including psychological factors such as dementia 
that may act to limit an individual’s motivation to remain active. In such 
instances, grip strength could be argued to still measure some aspects of 
ageing, albeit indirectly.    
 
The effectiveness of exercise interventions on the improvement of muscle 
function in the elderly, including improved physical performance measured 
by hand grip strength, gait speed and balance has shown positive results 
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(Beaudart et al., 2017), and supports the possible confounding role of 
physical inactivity on grip strength decline. The effectiveness of nutritional 
interventions on old age physical performance is less clear (Beaudart et al., 
2017). Further, age-related changes in the hand may be secondary to 
degenerative changes in other systems, such as musculoskeletal, 
cardiovascular and nervous system (Carmeli et al., 2003). Thus, hand grip 
strength may measure underlying decline in any or all these systems as 
ageing of the hand occurs both in local structures (muscles, joints) as well 
as distally through neural control. Decline in these systems often manifests 
together in many of the pathological conditions common in the elderly, 
including osteoporosis, osteoarthritis and Parkinson’s disease (Carmeli et 
al., 2003).  
 
Due to the lack of longitudinal data it is currently unclear how childhood and 
adolescent grip strength are associated with later health outcomes. Studies 
from outside the ‘Western’ context and across ethnicities are required. 
Recently this was highlighted by a conference paper reviewing the evidence 
for physical capability in the old age, which identified the need for life course 
epidemiological studies to incorporate measures, including grip strength, 
across different ethnicities and populations to better assess which life-
course associations are universal and which are contextual (Kuh, 
Karunananthan, Bergman, & Cooper, 2014). 
 
 Life course trajectories in cognitive ability 
The fourth research objective of this thesis relates to cognitive ability. As 
with physical growth the life course trajectories of general cognitive ability 
have been incorporated into the LEM framework using data from European 
cohort studies, chiefly from the Scottish Mental Survey (Deary, Whiteman, 
Starr, Whalley, & Fox, 2004) as well as the Medical Research Council (MRC) 
1946 British birth cohort study (Gow et al., 2012), more recent studies do 
not yet have data on old age cognition. Findings from these studies suggest 
that cognitive capacity seems to remain relatively stable throughout life 
whereby previous capacity is the best predictor of cognitive level in older 
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age (Gow et al., 2012). Figure 2.12 summarises the general pattern broad 
cognitive ability by age, and while there is a general trend of peak ability 
around age 26 followed by decline, individuals show both positive and 
negative fluctuations in their scores from one time point to the next. 
 
Figure 2.12 Broad cognitive ability by age, from McArdle et al. (2002). 
Peak ability at 26.2 years. 
 
Cognitive ability is a broad and heatedly debated field of study which 
includes psychological, educational and developmental research. 
Commonly used measures of cognitive capacity are general indices of 
ability, most notably, the Intelligent Quotient (IQ), originally created to 
predict educational outcomes (Sternberg, Grigorenko, & Bundy, 2001). The 
theory of fluid and crystallised intelligence proposes that cognitive ability 
has two distinct components: fluid intelligence, which measures the 
influence of biological factors on intellectual development (i.e., heredity, 
brain injury), and crystallised intelligence which is a manifestation of 
influence from education, experience, and acculturation (McArdle, Ferrer-
Caja, Hamagami, & Woodcock, 2002). IQ tests, it is argued, can measure 
both (Sternberg & Grigorenko, 2002). The theory of fluid and crystallised 
intelligence is at odds with the idea of  a general factor of intelligence (‘g’), 
which proposes there is a unitary structure that captures an individual’s 
overall cognitive ability (for a debate on the topic, see Sternberg & 
Grigorenko, 2002). Complicating the matter is more recent research that 
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compares the time at which different cognitive abilities ‘peak’. Results 
indicate that neither one general factor, nor the dichotomy of fluid versus 
crystallised intelligence is supported due to the high heterogeneity in age 
at peak between different domains of cognition (Hartshorne & Germine, 
2015). Figure 2.13 shows the age of peak performance of different subtests 
from a widely used intelligence test, the Wechsler Adult Intelligence Scale 
(Hartshorne & Germine, 2015). While many areas of cognition do peak in 
early adulthood, between ages 20 and 30, other domains, such as 
vocabulary and comprehension, do not peak until early 50s. The data used 
in the study are cross-sectional, and further work on longitudinal samples 
is required to confirm the findings. Still, the results suggest that widely 
accepted ‘rules’ of the development of cognitive ability should be 
considered with some caution. Similarly, cross-cultural comparisons of IQ 
have introduced another layer into the debate as measuring IQ and 
educational attainment in itself is seen as a ‘Western’ pursuit, and the future 
success of children from other cultural contexts may be quite independent 
of their IQ (Berry & Bennett, 1992). This has led to the questioning of the 
predictive value of IQ in terms of later life outcomes in cultural contexts 
different to our own (Sternberg et al., 2001). 
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Figure 2.13 Box-and-whisker plots showing age of peak performance 
for the subtests on the third edition of the Wechsler Adult 
Intelligence Scale and the third edition of the Wechsler Memory 
Scale, from (Hartshorne & Germine, 2015). 
 
 
Cognitive ageing, that is a decline in cognitive abilities, begins in humans 
by the late 20s or early 30s and the magnitude of decline accelerates with 
age (Li et al., 2004; Salthouse, 2009). Some work has found that domains 
associated with fluid and crystallised intelligence differently change with 
advancing age whereby fluid intelligence tends to show clear decline with 
age while crystallised intelligence decreases more slowly and less steeply 
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(McArdle et al., 2002). Studies exploring whether those with higher initial 
capacity are better protected from changes in cognitive capability with age 
have produced somewhat conflicting results possibly due to methodological 
differences. For instance, recent re-analyses of measurements of cognitive 
capacity from the Lothian Birth Cohort, a Scottish group of children born in 
1936 and IQ tested in 1947 when the participants we 11 years old, showed 
no relationship with later life cognitive decline but similar data collected in 
another cohort study at age 15 shows a relationship with cognitive decline 
in old age (Gow et al., 2012). 
 
Evidence for age-related cognitive decline comes from studies on 
neurobiological variables as well as studies based on measuring cognitive 
function at different ages. There is some discrepancy between longitudinal 
and cross-sectional studies in the age at which the decline is thought to 
begin as longitudinal studies tend to estimate a later starting point than 
studies with cross-sectional designs (Salthouse, 2009). This may be 
explained by retest effects where the participants of longitudinal studies 
have practice in the measures used and thus show less or later decline 
(Salthouse, 2009). Secular trends may also be present with younger 
cohorts being more familiar with the type of testing. How and why 
individuals differ in their cognitive ageing has been the focus of much 
research. In another Scottish study of children born in Aberdeen in 1921 
(2230 boys and girls) childhood IQ at age 11 years was positively related 
to survival to age 76 and seemed to mediate the effects of social factors on 
mortality (Whalley & Deary, 2001). This could be because IQ may represent 
the quality of the growth environment and acts as a record of neurological 
problems. Further, higher childhood IQ might be related to future health 
behaviours offering protection against harmful habits that increase risk of 
mortality (Whalley & Deary, 2001). Childhood IQ may also be taken as an 
indicator of cognitive reserve. The concept of cognitive reserve (CR) 
suggests that both innate intelligence as well as aspects of life experience 
like educational and occupational attainment may supply reserve that 
allows some people to cope with age-related cognitive changes better than 
others (Scarmeas & Stern, 2003). An example of this is Alzheimer’s disease 
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as at any level of clinical severity the underlying disease pathology is more 
advanced in patients with more CR, this implies that they can cope with 
symptoms longer (Scarmeas & Stern, 2003). Some ways in which greater 
CR may manifest and operate have been suggested, including bigger 
brains that have more healthy synapses, more efficient synapses even if 
brain size is the same or more efficient use of alternative brain networks for 
a single function (Scarmeas & Stern, 2003). Whatever the underlying 
mechanism, the concept of CR hypothesises that possessing more CR is 
protective against cognitive ageing.  
 
2.6.1 Environmental factors, inequalities and cognitive ability 
The developing brain requires an adequate environment for growth. Both 
socioeconomic factors and education are associated with the performance 
of children in cognitive tests, as well as their overall scholastic success (for 
a review, see Burger, 2010). Variation in average IQ between groups can 
be traced back to environmental conditions during growth, including 
exposure to parasites, nutrition, and family income and psychosocial care 
received (Honzik, Macfarlane, & Allen, 1948; Madsen, 2016; von Stumm & 
Plomin, 2015). Cognitive decline, on the other hand, may be related to 
stress exposure, measured by cortisol level. In males from the British 
Cohort Study of 1958, there seems to be a link between cortisol level at age 
45 and childhood cognitive ability (Power et al., 2008). Glucocorticoids are 
known to modulate neuro-transmitter systems and regulate many brain 
regions, cortisol also has short term effects on memory function and 
information processing (Power et al., 2008). It could be that social 
environment in early life affects cortisol patterns which in turn influences 
cognitive development in childhood and sets in motion a dynamic process 
that links to school success and qualification level in adulthood (Power et 
al., 2008). The link with cortisol is only one possible explanation, and 
unfortunately, retrospective data cannot provide information on the 
sequence of events and more research is required which adjusts for 
possible confounding factors (Power et al., 2008). Another study found 
small but widely spread associations between cortisol level and cognitive 
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performance in US male twins ages 50 to 60 years whereby overall higher 
cortisol levels were associated with poorer cognitive performance even 
after adjustment for several confounders (Franz et al., 2011). Despite small 
effects, authors believe the finding could have clinical significance as 
cortisol increase from the 25th to the 75th percentile was comparable to an 
increase in chronological age between 1.76 to 3.53 years, depending on 
cognitive function in question (Franz et al., 2011). Interestingly, cognitive 
ability at age 20 was predictive of cortisol level at age 55 (Franz et al., 2011). 
These studies highlight a link between stress exposure and cognitive 
function and could partly explain observed links between higher verbal 
reasoning in old age in individuals with better childhood IQ and professional 
occupations found by Deary et al. (2011).  
 
The above studies have largely been conducted with samples living in 
Europe and North America, a bias that has been well-recognised in 
psychological research (see e.g. Arnett, (2008)). There is evidence that 
poverty in itself reduces cognitive capacity, as poverty related concerns 
consume mental resources and leave less capacity for other tasks (Mani et 
al., 2013). Farmers were shown to have lesser cognitive function before 
harvest, when they are also at their poorest, compared to after harvest 
when their resources are more plentiful (Mani et al., 2013). Also, 
experimentally induced thoughts about finances have been found to reduce 
cognitive performance amongst poor but not amongst more well-off 
individuals (Mani et al., 2013). In Guatemala, SEP effects have been found 
on cognitive growth status – a group of high SEP children performed 
significantly better in yearly reading and IQ tests than children from low-
income families, who likely suffered from malnutrition (Bogin & MacVean, 
1983). The cognitive differences between SEP groups of these children 
were found to be stronger than differences in physical growth parameters 
(Bogin & MacVean, 1983). A further study found that SEP was a more 
important determinant of cognitive development in Guatemalan urban 
children than stature, but also found an interaction effect between SEP and 
stature on IQ, whereby at higher SEP level increased height was associated 
with increased IQ (Johnston et al., 1987). 
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Future studies may explore how patterns of cognitive ability and 
associations between IQ and later life outcomes differ between high-, 
middle-, and low-income countries, and could shed light on the age at which 
inequalities begin to manifest in relation to cognitive performance. 
 
2.6.2 Life course associations in cognition 
Cognitive ageing does not occur in isolation from physical ageing, instead 
the two are related and measures of physical function have been used to 
predict cognitive decline. Baseline physical and cognitive function are 
associated (Clouston et al., 2013). Some have suggested that there is a 
common process or processes underlying both physical and cognitive 
ageing as statistical modelling has shown a factor loading on both 
measures (Christensen et al., 2001). Others believe this is not the case, for 
instance, while verbal reasoning and hand grip strength both decline with 
age, no evidence was found of reciprocal dynamic influences or shared 
associations in a Scottish population in their ninth decade of life (Deary et 
al., 2011). The same authors conclude that age was not kinder to the initially 
more able as there was no relationship between the intercept and slope of 
IQ at eleven and decline in verbal reasoning in old age. However, IQ 
‘reserve’ was measured at 11 which is not the end of the growth period and 
may be lower than the eventual maximum capacity. Events occurring 
between 11 and end of growth could have resulted in key differences 
between individuals that went unidentified in the study. Further, the study 
did find that in addition to sex differences, overall better reasoning was 
associated with better childhood IQ, professional occupations and being 
taller, all indicators of a better growth environment. Better hand grip 
strength was associated with tallness and lower alcohol consumption 
(Deary et al., 2011). 
 
Physical baseline, measured as e.g. hand grip strength or 8-foot timed walk, 
is associated with later life cognitive health, whereby those with higher grip 
strength and faster walk time have lower risk of cognitive decline (Alfaro-
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Acha et al., 2006; Alfaro-Acha, Al Snih, Raji, Markides, & Ottenbacher, 
2007). Leg power, which acts as a measure of muscle fitness and 10 year 
cognitive change have been found related in analyses of non-demented 
female UK monozygotic twins (Steves, Mehta, Jackson, & Spector, 2015). 
The finding does not support a common causal mechanism; instead, 
physical activity may promote leg power and be protective against cognitive 
ageing. Inclusion of other biomarkers such as forced expiratory volume and 
hand grip strength, did not alter the relationship and neither was associated 
with cognitive decline when leg explosive power was included in the model. 
Thus it was hypothesised that the observed link is due to lower limb function 
specifically, rather than overall muscle strength (Steves et al., 2015). In a 
similar study, 8-foot walk time and cognitive decline over 7 years were 
found related in a cohort of cognitively non-impaired over 65-year-old 
Mexican Americans from the Hispanic Established Population for the 
Epidemiological Study of the Elderly (H-EPESE) (Alfaro-Acha et al., 2007). 
In the same population, low hand grip strength also predicted subsequent 
cognitive decline whereby participants with the lowest grip strength had 
greater cognitive decline over time after controlling for confounding 
variables (Alfaro-Acha et al., 2006). Individuals with the highest grip 
strength maintained a higher level of cognitive function (Alfaro-Acha et al., 
2006). The possible protective effect of physical activity on cognition has 
been further investigated and in a 9-year-follow up study, walking relatively 
long distances (about 6-9 miles per week) was related to less shrinkage in 
brain grey matter volume (Erickson et al., 2010). The study was somewhat 
limited by self-evaluated physical activity level and a single assessment of 
brain volume so a further experimental study would be required to establish 
a causal link (Erickson et al., 2010). In a recent study, higher central obesity 
was linked with smaller brain volume in  a middle-aged UK population, but 
it remains unclear whether individuals with higher abdominal fat grow 
smaller brains or whether having a small brain is associated with later life 
abdominal obesity (Hamer & Batty, 2019). 
 
There is less evidence of better cognition providing protection against 
physical decline as cognition tends to be the favoured outcome measure, 
Chapter 2: Background                                                                                                                           
 
 
50 
 
although at least one study does suggest midlife changes in cognition could 
predict physical performance level 10 years after the onset of cognitive 
impairment (Clouston et al., 2013). It is also feasible that physical decline 
has clearer or faster presenting symptoms and thus is easier to measure 
with higher accuracy, this would lead to the conclusion that physical decline 
tends to precede cognitive decline.  
 
 Summary 
Early life challenges can affect the trajectories of growth in height, weight, 
BMI, grip strength and cognitive function, with poor environments and 
particularly low socioeconomic status associated with lesser growth and 
function. Conversely, obesogenic environments can act to predispose 
children and adolescents to increased body and fat mass across the SEP 
in high-, middle-, and low-income countries. The associations between 
patterns of growth and later health outcomes have been the focus of 
extensive research effort in high-income countries, but less work has 
focused on life course associations in lower income nations. It is currently 
unclear to what extent childhood and adolescent growth trajectories differ 
between the SEP in Guatemala, and how these relate to health outcomes 
later in life. 
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Chapter 3 
 
3 Study and data 
The purpose of this chapter is first, to describe the context, history and data 
available from the UVG Longitudinal Study, and second, to detail the data 
collection procedure for the follow-up study.  
 
 Guatemala 
The country is in Central America and neighbours Mexico and Belize to the 
north and west, and Honduras and El Salvador to the east. The current 
population size of Guatemala is 16.9 million (World Bank, 2018b), and has 
increased by 14.1 million people since 1950 (Lovell & Lutz, 1996). 
Guatemala gained independence in 1821 ending a 300-year period of 
Spanish colonial rule (Lovell & Lutz, 1996). Approximately half the 
population in Guatemala is of indigenous Maya heritage, while the other 
half  are ‘Ladino’ (Instituto Nacional de Estadistica, 1996; Lovell & Lutz, 
1996). Ladino is a term used for Spanish-speakers with mixed heritage, and 
Maya refers to the indigenous populations living in modern day Guatemala, 
Mexico and Honduras (Lovell, 2010). ‘Mixed heritage’ in the Guatemalan 
context refers to individuals of both Maya and European ancestry (Bogin, 
Wall, & MacVean, 1992). Genetic studies trying to quantify the precise 
heritage patterns of the Maya and Ladino population have found large 
regional variation and frequent admixture between groups (Söchtig et al., 
2015). Despite this, most individuals in the country only identify with one 
ethnicity and express this through their clothing (Bogin et al., 1992). Many 
Maya wear the indigenous ‘traje’ while Ladinos dress in ‘Western’ clothing 
(Figure 3.1). Some members of the family shown in the picture identify as 
Ladino and others as K’iche Maya (dressed in traditional clothing). The 
woman third from the from the right has mixed parentage: her father was of 
Spanish heritage and born in Guatemala City, and her mother, one of the 
daughters of the K’iche woman on the far right, a Maya.  
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Figure 3.1 Four generations of a Guatemalan family outside their 
farmstead in the village of Momostenango. Photograph by author. 
 
Historically, the Maya have been marginalised compared to the Ladinos, 
and continue to be discriminated against in terms of access to employment, 
education and political power (Cabrera, Lustig, & Morán, 2015; Marini & 
Gragnolati, 2003). This discrimination intensified during the Guatemalan 
civil war, which followed from the deposing of an elected government and 
its replacement by a military-wealthy landowner-controlled society in 1954 
(Tomuschat, Lux De Coti, & Balsells Tojo, 1999). The coup of 1954 was 
orchestrated with the support of the United States as part of Cold War anti-
communism strategy and aimed to secure continued access to inexpensive 
land for the United Fruit Company. Guatemala was controlled by 
conservative military leaders for the next 40 years. During most of this 
period the country found itself in a state of continuous civil war. The United 
States provided the Guatemalan military intelligence with funds and training 
throughout the war, which played a significant role in government violence 
(Tomuschat et al., 1999). It has been estimated that during this time over 
200 000 people were either killed or subjects of forced disappearance with 
93% of all human rights violations committed by the Guatemalan 
government (Tomuschat et al., 1999). The official United Nations mandated 
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inquest into the events concluded that “violence was fundamentally directed 
by the State against the excluded, the poor and above all, the Mayan people, 
as well as against those who fought for justice and greater social equality” 
(Tomuschat et al., 1999: 17). Guatemala City was the political centre of the 
civil war but the majority of the atrocities committed in the war occurred in 
remote rural areas (Lovell, 2010). For the city, a major event occurred with 
the earthquake of 1976, which killed an estimated 22 700 people (Espinosa, 
1976). Earthquakes and other natural disasters, including volcano 
eruptions are frequent in Guatemala, and regularly lead to both human and 
economic losses (World Bank, 2013). 
 
Despite the war, the period of 1950-1988 saw continuous economic growth 
in Guatemala (Trading Economics, 2018). Successive governments had 
the support of the United States which allowed American corporations to 
expand their businesses to the country. In addition to the military equipment 
and funding, Guatemala also received humanitarian aid from the US over 
the course of the war.  In 1988, after a period of intensification in the civil 
war, the country entered an economic depression and was essentially 
bankrupt by 1992 (Bogin & Keep, 1999). The economic downturn in the 
early 1990s and the end of the Cold War each played a part in efforts to 
end the internal conflict. A peace accord between the government and the 
non-governmental guerrilla forces was signed after a seven-year process 
in 1996 and elections followed (Lovell, 2010). Still, the aftermath of the war 
continues to the present day. A few former leaders have been prosecuted 
in recent years on charges including crimes against humanity and genocide, 
but convictions and punishments are infrequent. Many low SEP individuals 
of both Ladino and Maya heritage continue to face extreme economic 
hardship and discrimination (Cabrera et al., 2015). The country ranks poorly 
on most international measures of human development, including the Gini 
Index (World Bank, 2018a). Further, increasing levels of gang violence, 
political and military corruption, and the effects of the international drug 
trade are felt by many urban and rural communities (Brands, 2011). 
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In 2016, approximately 3.4 million people lived in Guatemala City, 
compared to 1.3 million in 1981 (Instituto Nacional de Estadistica, 2016). 
Recent national statistics show that the health of the urban population 
differs from the rural population in that there are lower rates of growth 
faltering in children under five years of age in urban Guatemala, but higher 
levels of obesity across age groups (MSPAS/INE/ICF, 2017). Studies 
investigating the growth and health of the urban Guatemalan population 
have been conducted since the 1960s. This research has found significant 
differences in childhood growth between individuals of different 
socioeconomic position groups whereby high SEP children were found 
taller, heavier and stronger (measured by hand grip strength) than middle-
income or low-income children throughout yearly measurements taken 
between ages 7 and 12 (MacVean, 1979). Yet, even the poor Ladino 
children compare positively in growth measures to Mayan children who are 
the shortest and lightest for age of all children measured in Guatemala 
(Bogin et al., 1989).  
 
 
 Universidad del Valle de Guatemala Longitudinal Study of 
Child and Adolescent Development 
This project uses the data collected in the Universidad del Valle de 
Guatemala (UVG) Longitudinal Study of Child and Adolescent 
Development (Bogin, Camacho de Paz, & MacVean, 2018; Varela-Silva, 
Bogin, Sobral, Dickinson, & Monserrat-Revillo, 2016). The study ran 
between 1953 and 1999 in Guatemala City, Guatemala and in total, 
included over 40 000 participants. The study was school-based and 
included a total of seven schools. The study was started by educational 
researcher Dr Robert MacVean, a graduate of University of Michigan who 
was working in Guatemala. The purpose of the study was to obtain 
information about the processes of growth and maturation that operate in 
children and adolescents, and assess how those processes influence 
changes over time in learning and other school related behaviours (Bogin 
et al., 2018).  
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3.2.1 Study design 
The design of the UVG Study was influenced by the laboratory school of 
the University of Chicago, the Dewey School, by attempting to focus on the 
growth of school children as part of the broader view of human development 
in its social, economic, and political context (Bogin et al., 2018). It was 
believed that one of the most important attributes of professional training of 
teachers and school administrators is a knowledge and understanding of 
human development, especially of the child and adolescent (Bogin et al., 
2018). The study had a mixed-longitudinal design, with children measured 
annually at the seven study schools, always at approximately the same time 
of the year.  Guatemalans start school at age 7, but many attend a pre-
school from age 4-5. At end of high school, Guatemalans are typically 18-
19 years old. Both pre-school and school children were included in the 
study. Once a year, a team of investigators from the UVG Study visited 
each school and measured all the children in attendance from all grades. 
Some of the participants in the study were only measured once (forming a 
cross-sectional sample). Individuals with longitudinal measurements were 
measured between two and 13 times. The time elapsed between 
measurements ranged between 0.95 and 1.05 years (Bogin et al., 2018). 
No further data were collected after study participants graduated, and there 
have been no follow-up studies. 
3.2.2 Recruitment 
Students were recruited to the study at school. Every student in attendance 
on the day of the measurements was included. Parents could ask for their 
child to be excluded from parts of the study if they wished. There were no 
further inclusion or exclusion criteria. The seven study schools were chosen 
for their relatively homogenous student populations in terms of parental 
income, and both fee and non-fee charging schools were included (Bogin 
& MacVean, 1983).  Table 3.1 shows the key characteristics of the schools 
with number of participants recruited. Schools 1-6 were in Guatemala City 
(Figure 3.2), School 7 was in the town of San Pedro Sacatepéquez 
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approximately 25 km from the capital. Figure 3.3 is a timeline of when the 
different schools entered and left the study. 
 
The socioeconomic composition of the study schools has been investigated 
by Bogin and MacVean who compared the school-based categorisation 
with a separate assessment of SEP in the study schools (Bogin & MacVean, 
1983). They concluded that the chosen SEP grouping was supported by a 
composite SEP score that was created to represent parental occupation, 
parental education, and zone of residence in the city (Bogin & MacVean, 
1983). This analysis was conducted for a random sample of 672 families 
with children attending the study schools. The composite score had a range 
between 4 and 15 points. School 1, that is the American School, had a 
mean score of 12.2 (SD 3.4), for Schools 2 and 5 the average was 10.2 (SD 
6.6) and for School 3 5.75 (SD 0.4) (Bogin & MacVean, 1983). Schools 4, 
6 and 7 were not assessed. Unfortunately, there are no records or data 
which could be used to retrospectively assess or assign SEP at the 
individual or family level beyond school attended by participants.  
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School 
number 
Description of school(s) Males 
(N) 
Females 
(N) 
1 American School of Guatemala (Colegio 
Americano de Guatemala), founded by Dr 
Robert MacVean and a group of 
educators and investors in 1948 as a 
Laboratory School, free from regulations 
of the Guatemalan Ministry of Education.  
Co-educational, private, non-sectarian. 
The student population was of high SEP. 
4090 3550 
2, 5 Instituto Belga Guatemalteco (for girls) 
and Liceo Guatemala (for boys). Catholic 
schools, private, moderate fee-paying, 
representing the upper middle SEP of 
Guatemala City. 
9338 6585 
4, 6 Escuela Juana de Arco and Escuela Pablo 
VI. Co-educational Catholic private 
institutions with low fees. Represent lower 
middle SEP. 
2041 1674 
3 Grupo Escolar Centro Americano. State 
school, non-fee paying, non-sectarian, 
representing low SEP. 
4672 3867 
7 Escuela Nacional Justo Rufino Barrios 
(primary school) and associated Instituto 
por Cooperativas de San Pedro 
Sacatepéquez (secondary school). Co-
educational, public, non-sectarian 
schools. Primarily of Maya (Kaqchikel) 
ethnicity, with no fee, representing the low 
SEP. 
2601 2066 
Table 3.1 UVG Study schools: school number, key characteristics with 
samples sizes recruited to the study (males and females), information 
about schools from Bogin et al. (2018). Total N=40 484. 
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Figure 3.2 Map showing the locations of the schools taking part in 
the UVG Study in Guatemala City: School 1 (red), School 2 (purple), 
School 3 (green), School 4 (yellow), School 5 (blue), School 6 
(turquoise). 
 
 
Figure 3.3 Timeline of the UVG Study 1953-1999, information from 
Bogin et al. (2018) 
 
There are only a few existing images of the study schools from the time of 
the study, two are shown in Figure 3.4, and were taken in the late 1970s by 
Barry Bogin. The school in the left image is School 3 (Grupo Escolar Centro 
Americano), the image on the right shows School 1 (American School). 
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Figure 3.4 Images of school 3 (left) and school 1 (right) from the late 
1970s, photographs by B. Bogin. 
 
 
3.2.2.1 Physical and anthropometric assessments 
Height, weight, skeletal age, dental eruption and hand-grip strength were 
selected as indicators of physical growth, development, and performance 
in the UVG Study. From 1972 (this is after the follow-up participants had 
left the study), skinfolds at the triceps and subscapular sites and upper arm 
circumference began to be measured at the American School of Guatemala 
(School 1). In 1976 these measurements were extended to the school 
Grupo Escolar Centro Americano (School 3) and in 1977-1978 to Instituto 
Belga Guatemalteco and the Liceo Guatemala (Schools 2 and 5). By 1979, 
skinfolds and arm circumference were measured at all schools, including 
the newly added Maya school (School 7). All anthropometric 
measurements were taken during the months of February, March, April, or 
May, and followed the standard protocols of the International Biological 
Program (Bogin & MacVean, 1978; Bogin & MacVean, 1983). The protocol, 
from the study description (Bogin et al., 2018) for the measures used in the 
present work is as follows (please refer to Appendix 1 for the full study 
description). 
 
Height 
The measurement of the maximum distance from the floor to the highest 
point on the head, when the subject was facing directly ahead. Shoes were 
removed, feet were together, and arms were hanging by the sides. Heels, 
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buttocks and upper back were in contact with the wall. The equipment used 
was a portable stadiometer.  
 
Weight 
The measurement of body mass, taken when the person stood on a 
balance (scale) with minimal movement and with hands by their side. Shoes 
and excess clothing were removed (subjects wore minimal indoor clothing). 
The balance (scale) was calibrated for accuracy using weights with an 
authenticated mass. 
 
Handgrip strength 
A Smedley dynamometer with adjustable handle (for different size hands) 
was used. Readings were taken in kilograms of force. The participant tested 
was seated and held the dynamometer in the hand to be tested, with the 
arm at right angles and the elbow by the side of the body. The handle of 
the dynamometer was adjusted as required; the base should rest on first 
metacarpal (heel of palm), while the handle should rest on middle of four 
fingers. The subject squeezed the dynamometer with maximum isometric 
effort, which was maintained for about 5 seconds. No other body movement 
was allowed. A single measurement was taken using both hands and the 
value recorded is from the hand achieving maximum force. 
 
Bone age 
Hand-wrist radiographs of the hand and wrist of the left hand were taken 
with a portable X-ray unit. All exposures were made using a uniform source-
to-film distance, exposure time, and power output (Bogin & MacVean, 1983). 
 
Cognitive assessments 
General intelligence and reading ability were selected as indicators of 
cognitive development in the UVG Study. The intelligence tests were age-
appropriate standardized tests from the Otis Self-administering Test of 
Mental Ability (Otis Intermedio, Otis Superior, Otis Gamma) and Pintner 
General Ability test series (Pintner Cunningham, Pintner Durost Forma A, 
Forma B), given to participants annually or biannually in June, July, and 
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August (Bogin et al., 2018). All of these were pen-and-paper tests, group 
administered in the classrooms of each school according to the instructions 
of the test developers. Testing time was 30 minutes. Despite some 
differences in the tests, all are scholastic aptitude and performance tests 
which measure multiple cognitive abilities, including vocabulary, number 
sequence, analogies, opposites, logical selection and arithmetic reasoning 
(Pintner & Durost, 1941). All the tests transform raw scores into standard 
IQ scores with a mean of 100 (standard deviation 15). These tests were 
translated to Spanish at Colegio Americano and Universidad del Valle de 
Guatemala with permission from American copyright holders, copyright to 
Spanish versions is held at Centro de Investigaciones Educativas (UVG). 
The Spanish versions have not been published in scientific journals and 
many are still in active use at the UVG.   
 
3.2.3 Access to data and digitisation 
By end of 2015 the paper records which contain the UVG Study data had 
been digitised alongside the hand-wrist X-rays in a project sponsored by 
the UVG and the Bill & Melinda Gates Foundation (Varela-Silva et al., 2016). 
The hand-wrist X-ray data were scanned at UVG and stored in a digital file 
format, DICOM. The database was processed and finalised before the 
current work began as part of the Gates Foundation funded project, 
unfortunately, full cleaning reports and details of quality control and 
reliability checks were not written up and are not available to the researcher. 
Today, the UVG Study database is managed by the Centro de 
Investigaciones Educativas (CIE) at del Valle University in cooperation with 
Professor Barry Bogin at Loughborough University. For the purposes of the 
current work, full access to the database was granted by both UVG and 
Loughborough University.  
 
3.2.4 Data extraction 
Data on ID, decimal date of birth, decimal age at measurement, school 
attended, school year, sex, height, weight and hand grip strength were 
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extracted for all individuals in the database aged 3-20 years. These data 
were used to address the first and second objective of the thesis, that is to 
statistically model and describe the physical growth of the UVG Study 
population in height, weight, BMI and hand grip strength, and to document 
socioeconomic inequalities and secular changes in human growth patterns 
in the UVG Study sample. Cognitive data, and files containing the childhood 
hand-wrist X-rays were extracted for individuals who belong to the follow-
up sample to address the objectives to examine the relationship of growth 
with survival and physical outcomes in old age in a follow-up sample, and 
to quantify the consistency of childhood mental ability, measured by 
intelligent quotient (IQ) data, and their association with later life fluid 
intelligence scores. 
 
 Follow-up data collection 
The follow-up study was initiated in January 2017 with former participants 
of the UVG Study in Guatemala City. The selection criteria for the follow-up 
was a) available physical and/or cognitive data from time at the American 
school, and b) age 64 years or older as of 2017.  
 
The WHO places the beginning of old age roughly between 60 to 65 years, 
while epidemiological work finds that individuals begin to manifest age-
related changes in physical and cognitive parameters around age 65, and 
are commonly classified as ‘young old’ at ages 65-74 years (Kuh, Cooper, 
Hardy, Richards, & Ben-Shlomo, 2014; WHO, 2002). Age 64 was selected 
as a cutoff for the present study as the number of potential study 
participants started to increase with the cohort aged 64, and to restrict the 
overall age spread of the follow-up participants, oldest of whom would be 
76 years based on the study records. The assumption was that if 
participants vary widely in age at follow-up, the interpretation of the follow-
up data becomes very challenging as the individuals cannot be taken to 
share the same life stage or belong to the same ‘cohort’, even with analyses 
controlling for age at re-measurement. 
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The follow-up was further restricted to the former students of the American 
School, because these individuals are currently the only UVG Study 
participants who have entered into ‘old age’ as the American School was 
the first school to join the study. As high SEP individuals, this group might 
show NCD-risk related outcomes such as obesity, which have been 
reported to be increasing in prevalence in Guatemala and other low- and 
middle-income countries, and to particularly affect the wealthier individuals 
in these settings. Because there was no existing information on the 
feasibility of locating former participants of the UVG Study, no target sample 
number was set. Instead, it was decided to include all individuals who could 
be located, were interested to take part in the study, and fulfilled the 
inclusion criteria.  
3.3.1 Ethics 
Ethical clearance for the study was granted by Loughborough University in 
September 2016 (proposal reference R16-P091). Ethical clearance was 
granted by UVG’s Social Sciences department in December 2016. 
Throughout the study the ethical guidelines of both universities were 
followed. Participants received a general Study Information Sheet detailing 
the study procedure and signed an Informed Consent Form (Appendix 2). 
Documents were translated to the participants’ native Spanish (Spanish 
translation was done by staff at the UVG). The participants were 
encouraged to contact either the Loughborough or the UVG ethical 
committee if they felt the need to report any issues.   
 
3.3.2 Recruitment 
The last contact with most of the follow-up participants was over 50 years 
ago. When individuals graduated from one of the study schools there was 
no further contact with the study and the administration team did not keep 
any records of addresses or phone numbers. Therefore, a snowball 
sampling strategy was employed. The recruitment strategy included 
approaching several former study participants who were employed by UVG, 
and still actively participating in research. These local champions adviced 
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on recruitment strategies and the local context. To further aid in recruitment, 
the alumni network of the American School of Guatemala was used to notify 
former students on social media. Posters advertising the study were put up 
on the University campus (many participants have relatives working or 
grandchildren studying at the UVG), and several emails and WhatsApp 
messages were sent to active but unofficial alumni groups. Potential 
participants were approached via phone or email, depending on the 
availability of their contact details.  
 
The intended recruitment strategy was later adjusted in that it was decided 
to allow participants to forward the follow-up study information to their old 
classmates, friends and family members who had attended the school. This 
was done due to the local context regarding privacy and security. Many 
individuals, including study participants, voiced their concerns over access 
to their contact information which they preferred not to share with 
individuals they did not know, including researchers. Staff at the university 
described privacy, trust, and security as being of great concern to 
Guatemalans, and with this high SEP sample also tightly connected to their 
personal safety. Many follow-up participants had personal experiences of 
blackmailing via phone or email, and in some instances, had been 
kidnapped for ransom. Participants were hesitant to give the contact details 
of their acquaintances, instead preferring to get in touch with the individuals 
themselves. Once a basic level of trust was established, participants were 
happy to communicate directly with the researcher. In a few instances, 
recruitment was not successful because the immediate family members of 
a potential participant did not allow direct access to the participant.   
3.3.3 Sample 
In total, the recruited living follow-up sample represents 14% of original 
study participants who met the selection criteria, that is, a total, 50 
individuals (21 females, 29 males) aged 64 to 76 (born 1941 to 1953). In 
addition, the childhood data of 45 former participants who were reported as 
deceased were used in analyses. Together, the living and deceased follow-
up participants represent 26% of potential study participants. Many 
Chapter 3: Study and data                                                                                                                           
 
 
65 
 
potential participants could not be included in the study because they had 
moved away from Guatemala (25%), declined an invitation to participate 
(4%) or could not be directly reached leaving their current circumstance 
unknown (44%), see Figure 3.5.  
 
 
Figure 3.5 Flowchart of follow-up data collection. 
 
 
3.3.4 Measurements 
Data were collected from follow-up participants in form of anthropometric 
measurements, questionnaires and cognitive tests. Participants were 
asked to fill in a standard Health Screen Questionnaire (Appendix 3) before 
attending the data collection session. If they had not done this, the 
questionnaire was filled in at the start of the data collection session. To 
maximise data security participant ID was used instead of name in all 
paperwork, including the calendar in which the data collection sessions 
were noted. The data collection session took place in a private room at the 
Educational Research Centre of UVG. The door to the room was kept semi-
open if the researcher was in the room alone with the participant to protect 
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both parties. In total, the length of the session ranged from 1.5 hours to 3 
hours, depending on participant’s timetable and interest to share anecdotal 
information about their life. A few participants had very poor English skills 
and for these sessions, volunteer undergraduate Anthropology students 
from UVG supported data collection as research assistants who translated 
between Spanish and English. They were present in the room and assisted 
in communication. On occasion, they also recorded the anthropometric 
measurements taken by the researcher.  
 
3.3.4.1 Anthropometric measurements 
Anthropometric data were collected on height, weight and skinfold 
thickness. Each anthropometric measurement was repeated twice, and the 
average used. If the difference between the first two measurements was 
larger than recommended by ISAK a third measurement was taken (ISAK, 
2001). The measurements were taken according to the protocol of the CDC 
(CDC, 2009). Several participants felt uncomfortable with being measured 
and to negotiate this participant could wish for the measurements to be 
taken only once. 
 
The following measurements were taken: 
1) Standing height (cm), without footwear, was measured using a wall 
mounted Yosoo stadiometer to the nearest mm (Figure 3.6). 
2) Weight (kg) was measured using a digital scale to the nearest 100g. 
The scale was calibrated for accuracy using weights with an 
authenticated mass. Participants wore light clothing, no shoes, 
emptied their pockets and removed jewellery, hats and any other 
accessories. They stood still on the centre of the scale with hands 
on their sides, looking forward. 
3) Triceps skinfold and subscapular skinfold (mm) were measured to 
the nearest mm using Holtain skinfold calipers. The triceps skinfold 
of the right arm was located by measuring the length of the arm from 
shoulder to elbow and marking the midpoint on the posterior side of 
the arm using a ballpoint pen. The subscapular skinfold was located 
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on the right side of the body, ~1 cm below the inferior angle of the 
scapula. The site was marked using a ballpoint pen. To take the 
measurements, the skinfold was grasped between the thumb and 
index finger approximately 2 cm on either side the mark drawn to 
show the location of the skinfold. The amount grasped varied 
depending on the thickness of the adipose tissue beneath the skin. 
The skinfold was pulled away from the body to separate the fat from 
the underlying muscle. The sides of the fold were roughly parallel. 
During measurement with the caliper, the skinfold continued to be 
held by thumb and forefinger. The handle of the calipers was 
released to apply full tension on the fold, and this position was held 
for approximately 3 seconds. During this time the needle on the 
caliper dial settled into a final position that represents the true 
thickness of the fold. Skinfold measurements can used to estimate 
body fat. Triceps and subscapular skinfold measurements are 
relatively un-invasive to take, and a body fat estimation formula 
exists for older individuals (Durnin & Womersley, 1973). 
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Figure 3.6 Standing height measurement position (CDC, 2009) 
3.3.4.2 Hand-grip strength 
Hand grip strength (HGS) is a commonly used indicator of overall physical 
ability, and low HGS is associated with frailty and mortality in older people 
(Rantanen et al., 1999b). A repeat hand grip strength measure was taken 
of all participants. In the follow-up a digital Takey hand-held dynamometer 
was used, and following the manufacturers standard protocol, the 
measurement (in force kg) was taken in standing position with both arms 
on the sides of the torso with the dynamometer adjusted to hand size. As 
the equipment was new to the participants, the option was given to practice 
using the dynamometer once before the actual measurement series was 
taken. The dynamometer was squeezed two times with each arm with the 
instruction of exercising maximum power to each squeeze (first with right 
arm, then left, then right and a final time with the left arm). The 
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dynamometer records the average of the highest measurement for each 
arm. 
3.3.4.3 Spanish Word Accentuation Test (WAT) 
The participants completed the Spanish Word Accentuation Test (WAT), 
which measures reading ability and can be used as an estimator of adult 
premorbid cognitive ability (Ser et al., 1997). The original 30 item version of 
the WAT was developed and validated in Madrid, Spain (Ser et al., 1997) 
but may not be best suited for a Latin American population due to 
differences in vocabulary between Catalan and Latin American Spanish. 
Multiple other versions of the test have been developed (Sierra Sanjurjo, 
Montañes, Sierra Matamoros, & Burin, 2015). To take this into 
consideration the participants completed the 40 item WAT-Chicago in 
addition to the original version of the test (the two versions share 21 items 
so in total the test included 48 words). WAT-Chicago was developed for a 
Mexican sample living in the US (Krueger, Lam, & Wilson, 2006). Each 
word was shown on a computer screen (without the accent mark) and the 
participant read it aloud. If the accentuation was unclear, the participant 
was asked to note which letter they thought had the accent. Reading ability 
is a measure of skills acquired through education and chiefly reflects 
environmental influences, that is, crystallized intelligence.  
 
3.3.4.4 UK Biobank fluid intelligence test 
The study individuals also completed a two minute fluid intelligence test 
originally devised by the UK Biobank to measure verbal and numerical 
reasoning (Lyall et al., 2016). This test was selected because it is rapid to 
administer and was designed for use in middle-aged and older individuals 
(Lyall et al., 2016). The original test is administered on the computer as a 
part of a larger battery of tests.  For the purposes of this study the questions 
were printed on A4 sheets of paper with each containing one question, font 
size was large to ensure even participants with poor vision could clearly see 
the questions. After the participant circled an answer, they flipped the paper 
and moved on to the next question. Since a Spanish version of the UK 
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Biobank 2-minute fluid intelligence test did not previously exist the 13 items 
were translated by a Guatemalan psychologist working at the UVG, and the 
translation was then examined by another colleague. Words or items there 
was disagreement over were discussed; changes were made when 
deemed necessary. The Spanish version of the test has not been validated 
yet. The reference population are UK adults with highly educated 
individuals being overrepresented. This is also the case with the present 
study sample as they represent the highest SEP in Guatemala.  
 
3.3.4.5 Mini Mental State Exam 
In addition to the cognitive ability tests, all participants completed the Mini 
Mental State Examination (MMSE-2). The MMSE is one of the most 
commonly used measures of cognitive capability in ageing studies 
(Clouston et al., 2013). The MMSE is also used to identify individuals with 
impaired cognitive function whereby in clinical settings a cut off score of 24 
points is used to indicate need for further testing (Clouston et al., 2013). 
The MMSE is used widely around the world in studies on cognitive ageing 
and a validated Spanish version for Latin America was used in the present 
study (Reyes De-Beaman et al., 2004). The test was administered by the 
researcher in Spanish; the test sheet contains word by word instructions.  
 
3.3.4.6 Hopkins Verbal Learning Test 
Finally, the participants completed the Hopkins Verbal Learning Test (HVLT) 
which can be used as a follow up to the MMSE (Hogervorst et al., 2002). 
The test consists of listening to a series of 12 words and then repeating 
them. The list of words is heard three times and the number of words 
remembered after each repetition is recorded, then added up in the end. 
Compared to the MMSE the HVLT is more sensitive to early cognitive 
decline and is used as an assessment tool for Mild Cognitive Impairment 
(MCI) (de Jager et al., 2009). A cut-off point of 14.5 is commonly used 
(Hogervorst et al., 2002). The HVLT was translated to Spanish and the 
instructions and words were read aloud by a native Guatemalan. This was 
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recorded and replayed to each participant to increase clarity and 
consistency, as it was considered important the participant can hear each 
of the 12 words clearly. This test does not allow for participants to ask for a 
question (the list of words) to be repeated before giving an answer.  
3.3.4.7 Hand-wrist X-ray 
All follow-up participants were asked to go for a repeat hand-wrist X-ray at 
the Guatemalan medical imaging company Tecniscan 
(http://www.tecniscan.com/). The images were taken at multiple different 
Tecniscan centres; the participants were invited to attend the one closest 
to their home. The images were taken by trained medical professionals with 
CANON DR detectors using the following protocol: X-Ray of the Right hand 
(PA projection only) with a source to Image-Receptor Distance of 40 inches. 
Patients were seated at the end of the table with elbow flexed about 90 
degrees and hand and forearm resting on the table. Central ray 
perpendicular to Image Receptor was directed to third metacarpal joint (46-
55KW/2.5mAs). The images were acquired in DICOM format and stored in 
Tecniscan’s cloud-based PACS system.  
3.3.4.8 Bone age and bone health index 
Bone age, from the childhood hand-wrist X-rays of the follow-up sample, 
was derived using BoneXpert (Thodberg, Kreiborg, Juul, & Pedersen, 
2009). This is a licenced specialist computer program that estimates bone 
age for people 18 years old or younger (Thodberg et al., 2009). The 
software works by reconstructing the borders of the bones in the hand from 
the X-ray images (radius, ulna and eleven metacarpals) and assesses 
growth plate fusion in each element to estimate bone age. The estimated 
bone age is given in years. 
 
To assess bone health of the follow-up participants in childhood and at ages 
64-76, a bone health index was derived from the childhood and repeat 
hand-wrist X-rays using BoneXpert (BoneXpert, 2015). To estimate bone 
health the programme uses measurements of cortical thickness “T” in the 
three middle metacarpals. This is one of the oldest methods to assess bone 
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mass, and it was popular in the 1960’s where T was measured directly on 
the X-ray films, typically in the middle of the second metacarpal (BoneXpert, 
2015). BoneXpert performs 100 independent measurements of T in three 
regions of interest obtaining a better precision than the older manual 
methods (Thodberg et al., 2016). The reference data are European adults 
aged 18 to 100 years (Thodberg et al., 2016).  
 
3.3.4.9 Additional measures 
Further data, not analysed in the current study, were collected of the follow-
up participants (see Appendix 4). This was done to ensure that in the event 
of any future follow-ups, or other further research, there was as much 
information as possible available of the sample. 
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Chapter 4 
4 Super Imposition by Translation and Rotation 
(SITAR) modelling 
 Abstract 
Background:  The growth trajectories in height, weight, BMI and grip 
strength of the UVG Study sample are currently unknown. By reducing 
longitudinal measurement series to a small number of parameters 
summarising growth, statistical modelling can be used to describe and 
compare growth trajectories. The aim of this study was to describe the 
physical growth of the UVG Study population, in comparison to other 
populations. 
Methods: Super Imposition by Translation and Rotation (SITAR) was 
selected to model the data. The benefit of using this method are biologically 
meaningful descriptors of the growth curve, including age at peak velocity 
(SITAR timing) and peak growth velocity (SITAR intensity). The data of 40 
484 individuals were modelled for height, weight, BMI and grip strength. 
Bone age was modelled for 89 study participants (N=48 alive, N=41 
deceased). The full dataset contributed a total of 157 067 measurements 
between 3.6 – 19.99 years of age, with a mean of 3.9 measurement 
occasions per individual.  
Results: The models explained 69-98% of variance in the data. The sample 
had a mean age at peak height velocity (APHV) of 13.3 years for males and 
11.4 years for females. The growth parameters, size, timing and intensity, 
were moderately correlated for height, weight and BMI. For grip strength 
the correlation between size and intensity was relatively high at 0.81. 
Compared to other populations, the sample shared a similar age at peak 
height velocity to a present-day well-nourished US sample, and a short 
stature indigenous Bolivian sample. 
Conclusions: Girls reached age at peak velocity earlier than boys in all 
growth parameters. Based on the cross-population comparison in APHV, 
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the sample did not show signs of delayed maturity. The SITAR models fit 
the data well and the model for height was the most accurate.
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 Rationale 
The first recorded longitudinal study of human height was a series of stature 
measurements done by Count Chevalier de Montbeillard on his son in the 
mid-18th century (Molinari & Gasser, 2004). He recorded his son’s height 
approximately every six months from birth to age 18 years. The 
measurements were later used by Richard E. Scammon to plot, for the first 
time, a human growth curve in height by drawing a line to connect the 
individual measurements (for a historical review, see Miller, 2018). This 
early ‘growth model’ shows the key features of the human height curve, 
including the pubertal growth spurt (Figure 4.1).  
 
Figure 4.1 The growth of Montbeillard's son, from McArdle (2001) 
and originally published in Scammon (1927). The graph shows 
measurements of height (cm) by age (years) of the son in 
comparison to mean heights children measured at public schools in 
Paris in early 20th century. 
 
Since the publication of Scammon’s work, statistical modelling of human 
growth has had two broad aims: to estimate a continuous process from 
serial measurements, and to estimate milestones of the growth process 
which characterise the shape of the curve (such as age at peak velocity) 
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(Hauspie & Molinari, 2004). In total, more than 200 models have been 
proposed to describe the human growth process (Hauspie & Roelants, 
2012). Simplified, all growth models use mathematical functions to describe 
the shape of growth, that is size through time, using serial measurements 
taken at regular intervals (Hauspie & Roelants, 2012). The traditional way 
of fitting growth curves involves a laborious process where each individual 
curve is fitted separately using mathematical functions believed to 
summarise the growth pattern (Johnson, 2015). The values for key features 
can then be extracted, such as size at a specific age of interest, or age at 
peak growth velocity. Finally, a mean constant curve can be calculated from 
the individual curves. An example of this methodology includes the Preece-
Baines curve (from Hauspie & Molinari, 2004), expressed as: 
 
𝑦 = ℎ1 −
2(ℎ1 − ℎ0)
𝑒𝑠0(𝑡−0) +  𝑒𝑠1(𝑡−0)
 
 
Where y is size, t is age, h1, h0, s0, s1 and 0 are the five function parameters 
(Hauspie & Molinari, 2004). Adult size is given by parameter h1. Besides 
the time required for the fitting of individual curves, the traditional modelling 
approaches are limited by their requirement for comprehensive datasets 
with a set number of measurements for each individual. For the Preece-
Baines model, data need to be available for each person from a few years 
before the adolescent growth spurt up to adulthood (Molinari & Gasser, 
2004). 
 
Much literature makes a distinction between structural and non-structural 
growth models depending on underlying assumptions about the nature of 
growth.  Structural models work on the assumption that growth has a 
specific form and the models usually have few parameters which may carry 
biological meaning, e.g. the Preece-Baines model (Hauspie & Molinari, 
2004; Johnson, 2015). The downside of structural models is that in the 
presence of very variable data, the shape of the model may be too rigid and 
can result in systematic bias (Hauspie & Molinari, 2004). Non-structural 
models, for example, cubic splines, do not assume a particular underlying 
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form and often have a large number of parameters with no biological 
interpretation (Hauspie & Molinari, 2004).  
 
In the 1980s, the first multilevel growth models were created allowing entire 
samples to be fitted simultaneously using computer algorithms (Johnson, 
2015). In multilevel growth models (sometimes called mixed effects 
models), two levels of data are identified: the group level, which 
summarises the growth of a population using a mean curve, and the 
individual level, which summarises the growth of one person in relation to 
the mean (the set of measurements for one individual are one cluster or 
level of data). These two levels result in two types of statistical effects: fixed 
and random effects.  The parameters describing the population mean curve 
are called fixed effects (Rabe-Hesketh & Skrondal, 2008). The parameters 
summarising the growth of an individual are called random effects (Rabe-
Hesketh & Skrondal, 2008). 
 
Super Imposition by Translation and Rotation (SITAR) is a multilevel 
modelling tool developed by Professor Tim Cole from University College 
London, which provides biologically meaningful parameters to summarise 
individual variation in growth curves (Cole et al., 2010). As shown in Figure 
4.2, a normal multilevel model describes the growth of each individual in a 
sample by fitting an age function with fixed and random effects.  
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Figure 4.2 An example of a multilevel growth model, from personal 
communication with W. Johnson. 
 
SITAR is slightly different from a normal multilevel model because it is 
shape invariant (i.e., the shape of the growth curve for each individual is 
assumed to be the same). This is achieved by fitting a sample-average 
curve (as a natural cubic B-spline) governed only by fixed effects. At the 
same time the program fits three random effects (that are not part of the 
spline) for each individual that capture between-child variation. The random 
effects are each simple transformations of the mean curve that can be 
visualised geometrically as follows: 
 
Size indicates by how much the mean curve is shifted up or down to best 
match the individual’s curve, where larger size is positive and smaller 
negative, measured in units of the outcome (e.g. cm for height).  
 
Timing relates to the age at peak growth velocity (APV) and indicates by 
how much the mean curve is shifted left or right to best match the APV on 
the individual’s curve, where positive timing indicates later maturation and 
negative earlier maturation, measured in years.  
 
Intensity relates to the peak growth velocity (PV), and indicates by how 
much the mean curve is adjusted (see below) to best match the PV on the 
Chapter 4: SITAR 
 
79 
 
individual’s curve, where positive intensity indicates greater PV and 
negative smaller PV, measured as a fraction of the mean PV.  
 
The key assumption of SITAR is that applying the three transformations to 
individual curves makes them a close match to the mean curve. Size, timing 
and intensity are also estimated as fixed effects, so the random effects have 
mean zero (Cole et al. 2016). The SITAR formula is: 
 
𝑦𝑖𝑡 = α𝑖 + ℎ (
 𝑡 − 𝛽𝑖
exp(−γ𝑖)
) 
 
Where 𝑦𝑖𝑡 is height for subject i at age t, h(t) is a natural cubic spline curve 
of height vs age, and α𝑖, 𝛽𝑖 and γ𝑖 are subject-specific random effects (Cole 
et al., 2010).  
 
The biologically meaningful random effects increase the interpretability of 
the findings. SITAR is used with the open source statistical package R 
Statistic (R Core Team, 2018). Other existing methods can result in equally 
high percentage of variance explained in the data, but the descriptors are 
in themselves meaningless (Cole et al., 2010). This means that while the 
model parameters of other methods describe the underlying data well (e.g. 
residuals of the fixed effects are small), the parameters themselves are 
purely mathematical.  
 
There are some limitations to SITAR, mainly that any further analyses using 
the random effects generated by the model do not account for the error in 
the SITAR estimates. This increases the likelihood of false positives, as the 
SITAR random effects are not absolute measures of an individual’s size but 
an estimation of their size in relation to the sample mean. To mediate this 
issue, it is important to report the accuracy of the SITAR models, as this 
gives an indication of how ‘true’ the model estimates are.  
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Previous work using SITAR has described growth trajectories in height for 
multiple populations, including samples from the UK, US and South East 
Asia (Cole & Mori, 2018; Frysz, Howe, Tobias, & Paternoster, 2018; 
McCormack et al., 2017). SITAR studies have demonstrated much variation 
in adolescent growth patterns, particularly in age at peak height velocity 
(APHV). SITAR estimated APHV has been shown to vary in females from 
10.8 years amongst the Qom people of Argentina to 13.1 years in the 
Gambia, and in males from age ~12.5 years in South Korea to 16.1 years 
in the Gambia (Cole & Mori, 2018; Martin & Valeggia, 2018; Prentice, 
Dibba, Sawo, & Cole, 2012).  
 
SITAR is increasingly being used in life course research, as the random 
effects from the SITAR models provide detailed information about growth 
patterns beyond the size of an individual. There is, for instance, a reported 
association between greater SITAR size, earlier timing and slower growth 
in puberty, and increased bone health at age 60–64 years (Cole et al., 
2016). Recently, SITAR has been used to explore secular trends in timing 
of puberty in South Korea and Japan, where the strong secular trend in 
height is accompanied by an earlier age at peak height velocity (Cole & 
Mori, 2018). SITAR’s ability to accurately estimate key growth parameters 
is good and the method has been found to provide unbiased estimates of 
age at peak growth velocity compared to other models, including the 
Preece-Baines growth model and multi-level models with fractional 
polynomials (Simpkin, Sayers, Gilthorpe, Heron, & Tilling, 2017). Further, 
the SITAR estimates of age a peak velocity have been found a good proxy 
for maturation stage of adolescents, whereby height APV as estimated by 
SITAR corresponds with the mean age at Tanner developmental stage 3 
(Cole, Pan, & Butler, 2014). The Tanner developmental stages assess 
maturation of genitalia in boys, breasts in girls, and pubic hair in both sexes.  
 
Guatemalan growth trajectories which encompass the adolescent growth 
period have been previously published for small samples in height, weight 
and bone age using data from the UVG Study (Bogin, Sullivan, Hauspie, & 
Macvean, 1989). High socioeconomic position boys were reported to have 
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a well-defined adolescent growth spurt in height but data for the lower SEP 
groups were incomplete for the adolescent years. In later work using a 
different subsample from the study, Mayan boys were reported to reach 
peak height velocity 1.68 years later than high SEP Ladino boys, and to 
continue growing for about 2 years longer (Bogin et al., 1992). No difference 
in APV was reported for girls, however the sample were only 12 individuals 
(Bogin et al., 1992). The later age at peak velocity for the Maya boys likely 
relates to poor environmental conditions, as delays in maturation in 
adolescence are generally understood to be related to poor nutritional 
conditions during growth (Patton & Viner, 2007). The INCAP Study found 
differences in adolescent height between individuals who received a 
nutritional supplement in the first 1000 days of life, and those who did not, 
particularly amongst individuals who belonged to the lowest SEP recorded 
in the study (Ruel et al., 1995; Stein et al., 2008). The delayed adolescent 
growth of the Maya boys in the UVG Study may, therefore, partly relate to 
nutritional constraint experienced already in infancy. The extent of the 
variation in growth trajectories and timing of adolescent growth events in 
Guatemala between the sexes remains unclear due to the very restricted 
sample sizes used in previous analyses. Similarly, it is currently unknown 
how the UVG Study sample compares in timing of growth, measured by 
APHV, to other populations, or whether the sample shows signs of delayed 
maturity (which could relate to poorer environment during growth compared 
to higher income populations). 
 
The aim of the present study was to describe the physical growth of the 
UVG Study population in comparison to other populations in height using 
SITAR. Further, the chapter aimed to model and describe childhood weight, 
BMI and grip strength trajectories, as well as bone age for the follow-up 
sample individuals. SITAR was selected to model the growth data, as it can 
provide individual, biologically meaningful growth estimates for a large 
sample of individuals and does not require a set number of measurements 
per person. Further, SITAR acts as a data reduction technique, whereby 
the individual series of measurements are summarised as the three subject 
specific random effects, which can be used in further analyses.  
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 Data 
SITAR growth models for height, weight, BMI and grip strength were 
created using the entire longitudinal database from the UVG study. The 40 
484 individuals contributed a total of 157 067 measurements between 3.6 
– 19.99 years of age, a mean of 3.9 measurement occasions per individual 
for height. Table 4.1 summarises the sample size and mean (SD) by 
anthropometric variable for each of the SITAR models. The lower end of 
the age range in the data (3.6 years) comes from the earliest age at which 
school and measurements were started, the upper end (19.99 years) was 
chosen to restrict data to the growth period and thereby to exclude 
individuals who were mature students at the study schools. For grip 
strength, only individuals over 5 years of age were included as SITAR could 
not fit the data from the younger ages. The reason for this is unknown but 
could be related to the very low grip strength values at ages 3-4. Missing 
data or unequal time gaps between measurements in the individual time 
series is not an issue for SITAR, and therefore no criteria were set in terms 
of minimum number of measurements required per individual. 
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Height 
(cm) 
Weight 
(kg) 
BMI 
(kg/m2) 
Grip strength 
(kg) 
 
Total participants (N) 40 484 40 479 40 478 40 411 
 
Mean  
(SD) 
 
138.9 
(18.2) 
37.2 
(14.7) 
18.4  
(3.2) 
18.8 
(10.7) 
Males     
  Age 3-5 112.1 20.3 16.1 7.5 
  Age 6-7 119.6 23.7 16.5 9.9 
  Age 8-9 127.2 27.8 17.0 12.9 
  Age 10-11 137.5 34.5 18.1 17.0 
  Age 12-13 150.0 43.9 19.3 23.7 
  Age 14-15 163.4 55.1 20.5 35.4 
  Age 16-17 170.2 62.3 21.5 44.0 
  Age 18-19 171.2 64.6 21.9 46.5 
Females     
  Age 3-5 110.9 19.6 15.9 6.3 
  Age 6-7 118.5 23.2 16.4 8.6 
  Age 8-9 125.9 27.2 16.9 11.1 
  Age 10-11 138.2 34.9 18.1 15.6 
  Age 12-13 150.2 45.2 19.9 21.5 
  Age 14-15 155.8 51.7 21.2 25.3 
  Age 16-17 157.8 55.0 22.1 26.9 
  Age 18-19 157.7 55.0 22.1 26.9 
Table 4.1 Childhood sample characteristics in age and 
anthropometric outcomes (mean). 
 
4.3.1 Bone age 
SITAR models for bone age were created for N=86 individuals, as there 
was not enough money available for the bone age analysis from the X-rays 
of the 40,000+ participants (the BoneXpert company charges a fee to 
analyse each X-ray film). The sample analysed included the childhood 
hand-wrist X-rays of the follow-up study individuals (available for N=48 of 
50) and individuals who fit the follow-up study selection criteria but were 
reported deceased (available for N=41 of 45).  
 
 Analysis  
To develop the most appropriate models, various transformations of the 
outcome and age were compared using the Bayesian Information Criterion 
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(BIC - a criterion for model selection among a finite set of models; the model 
with the lowest BIC is preferred). The model for height benefitted from a log 
age transformation, and the models for weight and BMI from a log 
transformation of the outcome. The BMI and grip strength models fitted 
better without the timing fixed effect, and the bone age model without the 
size fixed effect. When fitting a model in SITAR, spline degrees of freedom 
(df) can be freely selected (the pre-setting is 5 df). Degrees of freedom 
determine the complexity of the fitted curve. Each df represents a ‘knot’, 
that is, a cut point for the model located at equal distance from one another. 
Each distance between two knots defines one section for which the curve 
is fitted, and these sections are tied together by ‘constraints of continuity’, 
i.e. by ensuring that the curves match up at the points of transitions (=knots) 
(Hauspie & Molinari, 2004). Selecting too few df results in an oversimplified 
curve, while too many increase the chance that the model is overfitted or 
too ‘wiggly’ – this means that too much emphasis may be given on 
individual datapoints. Selecting a high number of df will increase the amount 
of variance explained, but also increase the BIC, which penalises for model 
complexity.  A qualitative evaluation has to be made between the shape of 
fitted curve (number of dfs) and the BIC values.   
 
All models were fitted to girls and boys separately, as the mean curves in 
timing of growth are known to differ by sex. Criteria for selecting the ‘best’ 
models were, in addition to a low BIC, a) same number of df for the male 
and female models (this condition was relaxed for grip stregnth, where the 
trajectories between the sexes had a clearly different shape, and b) the 
same log transformations for the female and male models (to allow for 
comparable interpretation of the random effects). Models Fh5, Mh5, Fw3, 
Mw3, Fbm3, Mbm3, Fs1 and Ms1 were chosen (Table 4.2; Table 4.3; Table 
4.4; Table 4.5). For height, model Mh2 had a lower BIC than Mh5, but could 
not be selected due to overfitting. No cut-off was set to exclude individuals 
with large residuals from the sample as it was considered important to retain 
the full extent of biological variation in the population. 
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Model name Log transformations Number of df BIC 
Fh1 None 7 317316 
Fh2 Age 7 316206 
Fh3 Height 7 346370 
Fh4 Age and height 7 347510 
Fh5 Age 6 316221 
Mh1 None 7 441459 
Mh2 Age 7 23585 
Mh3 Height 7 439830 
Mh4 Age and height 7 30801 
Mh5 Age 6 438748 
Table 4.2 Models created for height. ‘Fh’ refers to female height and 
‘Mh’ to male height.  
 
Model name Log transformations Number of df BIC 
Fw1 None 7 364416 
Fw2 Age 7 366012 
Fw3 Weight 5 130468 
Fw4 Age and weight 7 134112 
Fw5 Age 6 316221 
Mw1 None 5 549228 
Mw2 Age 5 488652 
Mw3 Weight 5 169375 
Mw4 Age and Weight 5 169710 
Mw5 Age 6 160440 
Table 4.3 Models created for weight. ‘Fw’ refers to female weight and 
‘Mw’ to male weight. 
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Model name Log transformations Number of df BIC 
Fbm1 None 4 252578 
Fbm2 Age 4 252711 
Fbm3 BMI 4 148377 
Mbm1 None 4 330245 
Mbm2 Age 4 330661 
Mbm3 BMI 4 198269 
Mbm4 Age and BMI 5 197740 
Table 4.4 Models created for BMI. ‘Fbm’ refers to female BMI and 
‘Mbm’ to male BMI. 
 
Model name Log transformations Number of df BIC 
Fs1 None 4 330792 
Fs2 Age 4 331038 
Ms1 None 5 474784 
Ms2 Age 5 468517 
Ms3 Grip 5 43896 
Ms4 Age and grip 5 43626 
Table 4.5 Models created for grip strength. ‘Fs’ refers to female grip 
strength and ‘Ms’ to male grip strength. 
 
The model summaries for the selected models, including the percentage of 
variance explained, were extracted from the program. The percentage of 
variance explained describes the percentage of variance in the data 
explained by the model:   
 
% explained = 100 * (1 - (sigma 2/sigma 1)2) 
 
Where sigma 1 is the fixed effects residual standard deviation (RSD) and 
sigma 2 the SITAR random effects RSD, that is, the standard deviation of 
the spread of the data points around the fitted curve (Hauspie & Molinari, 
2004). The correlations between the random effects were explored. To 
illustrate the models created, graphs were created to show the average 
pattern of growth by sex. Finally, the estimated age at peak velocity for 
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height for males and females was compared with APVs reported by other 
studies using SITAR. See Appendix 5 for the R code used for analyses. 
 
 Results 
The SITAR models fit the data well and the model for height was the most 
accurate (Table 4.6). The sample had a mean age at peak height velocity 
(APHV) of 13.3 years for males and 11.4 years for females.  
 
For weight, the models explained slightly less variance than for height, 
~94% for both males and females. Age at peak weight velocity was after 
APHV for females, but before APHV for males (Table 4.6).  
 
The BMI models explained ~85% of the variance in the data. Although 
SITAR produces an ‘age at peak velocity’ this value has less meaning 
compared to the height and weight APV as there is no clear growth spurt in 
BMI.  
 
The grip strength models were the least accurate with 69-78% of variance 
explained (Table 4.6). In both males and females, grip strength peaked after 
height. Hand grip strength has not been previously modelled with SITAR, 
and unlike with the other measures, the shape of the mean curve differs 
between the sexes. The male grip strength SITAR model had an additional 
degree of freedom compared to the female model, to account for the larger 
and clearer pubertal increase in male grip.  
 
The model for bone age explained ~83% of variance in data for both males 
and females, despite the small sample size compared to the other models.  
 
There were moderate correlations between the random effects for all 
variables, except for grip strength with a correlation between size and 
intensity of a relatively high 0.81. This means that there might be a problem 
with collinearity in subsequent regression models where size and intensity 
are included together.
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Variable SITAR model summary Males Females 
Height 
(cm) 
N of subjects 22 746 17 738 
Median age at peak velocity 13.3 11.4 
Spline degrees of freedom 6 6 
SD of size random effect (cm) 8.0 7.1 
SD of timing random effect (%) 7.9 8.5 
SD of intensity random effect (%) 12.1 12.4 
 Timing – intensity correlation 0.37 0.17 
 Size – timing correlation 0.33 0.22 
 Size – intensity correlation 0.64 0.48 
 Variance explained (%) 97.8 98.2 
Weight 
(kg) 
N of subjects 22 734 17 720 
Median age at peak velocity 13.2 11.8 
Spline degrees of freedom 5 5 
SD of size random effect (%) 15.1 14.2 
SD of timing random effect (years) 1.0 1.0 
SD of intensity random effect (%) 15.2 16.4 
 Timing-intensity correlation -0.45 -0.21 
 Size – timing correlation -0.07 -0.02 
 Size – intensity correlation 0.33 0.23 
 Variance explained (%) 93.7 94.3 
BMI 
(kg/m2) 
N of subjects 22 734 17 720 
Median age at peak velocity 14.6 12.2 
Spline degrees of freedom 4 4 
SD of size random effect (%) 12.0 12.0 
SD of intensity random effect (%) 33.2 36.2 
 Size-intensity correlation 0.45 0.33 
 Variance explained (%) 84.7 84.9 
Grip 
strength 
(kg) 
N of subjects 22 716 17 695 
Median age at peak velocity 14.4 11.8 
Spline degrees of freedom 5 4 
SD of size random effect (force kg) 3.4 3.1 
SD of intensity random effect (%) 23.9 24.8 
 Size-intensity correlation 0.81 0.81 
 Variance explained (%) 77.7 69.0 
Bone age 
(years) 
N of subjects 59 30 
Spline degrees of freedom 4 4 
SD of timing random effect (years) 1 1.3 
SD of intensity random effect (%) 18.4 15.3 
Timing intensity correlation 0.35 0.57 
Variance explained 83.5 83.4 
Table 4.6 SITAR model summaries for height, weight, BMI, grip 
strength and bone age by sex. 
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Figure 4.3,  Figure 4.4 and Figure 4.5 show the mean growth trajectories in 
height size and velocity for males and females, and mean APHV. Both 
Figure 4.4 and Figure 4.5 indicate a mid-childhood growth spurt in height, 
around age 9 years. There is large variation in size between individuals in 
the sample whereby at any given age the difference in height between the 
shortest and the tallest individuals is approximately 50 cm.  
 
 
Figure 4.3 SITAR mean height size curves for males (blue) and 
females (red) with sample mean age at peak velocity (dotted vertical 
line) for females (first line) and males (second line). 
 
Figure 4.4 Male height velocity curve (cm/year) with age at peak 
velocity (13.3 years).
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Figure 4.5 Female height velocity curve (cm/year) with age at peak 
velocity (11.4 years). 
 
 
Figure 4.6 shows the mean weight by age for males and females in the 
sample, with the range of variation between individuals increasing with age. 
The velocity curves (Figure 4.7 and Figure 4.8) show a mid-growth spurt for 
both males and females in weight. 
 
Figure 4.6 SITAR mean weight size curves for males (blue) and 
females (red) with sample mean age at peak velocity (dotted vertical 
line) for females (first line) and males (second line). 
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Figure 4.7 Male weight velocity curve (cm/year) with age at peak 
velocity (13.2 years). 
 
 
Figure 4.8 Female weight velocity curve (cm/year) with age at peak 
velocity (11.8 years). 
 
 
Figure 4.9 shows the mean BMI size curves for males and females, overall, 
there is very little sex difference in the BMI trajectories. 
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Figure 4.9 SITAR mean BMI size curves for males (blue) and females 
(red). 
 
 
Figure 4.10 shows the mean grip strength curves for males and females 
with age at peak velocity. The pattern of growth in grip strength is different 
between the sexes whereby males show a clear increase in grip velocity 
around 14-15 years. 
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Figure 4.10 SITAR mean grip strength size curves for males (top) and 
females (bottom) with sample mean age at peak velocity (dotted 
vertical line). 
 
The bone age SITAR models were only created for the follow-up sample 
individuals and show a linear relationship with chronological age. There is 
variation between individuals in maturation rate with some showing an 
advanced bone age in relation to their chronological age (Figure 4.11). 
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Figure 4.11 SITAR mean bone age curves for males (left) and females 
(right). 
 
A list of SITAR estimated APHV from studies conducted in other 
populations is presented in Table 4.7. There is no uniform context under 
which SITAR has been used to model growth, rather, there are studies with 
very different research questions that have utilised the method to 
summarise growth. APHV is most commonly reported as a descriptive 
statistic. The comparison of the APHV helps to contextualise the growth 
models created for this study and shows that the Guatemalan males (APHV 
13.3 years) and females (APHV 11.4 years) have, on average, a similar 
Chapter 4: SITAR 
 
95 
 
APHV to 21st century Tsiname forager-horticulturalists from Bolivia, and 
urban non-African American US adolescents. The Bolivian sample live 
along the Maniqui River with little contact to ‘modern’ industrialised society 
(Blackwell et al., 2017). The sample were reported to be short but lean, and 
to have low rates of wasting (Blackwell et al., 2017). The US adolescents 
are reported to be ‘healthy’ and likely share a more similar growth 
environment to the higher SEP individuals included in the UVG sample of 
urban Guatemalans.
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Studies reporting a SITAR age at peak height velocity (APHV) 
Sample Data 
collected 
Reference Female 
APHV 
Male 
APHV 
Qom, 
Argentina 
2011-2015 (Martin & 
Valeggia, 2018) 
10.8 - 
South Korea1 
 
2005 (Cole & Mori, 
2018) 
~10.9 ~12.5 
African-
American, 
USA2 
2002-2010 (McCormack et al., 
2017) 
11.0 11.6 
Colorado, USA 
 
1992-2002 (Hockett et al., 
2019) 
11.1 12.9 
Tsimane, 
Bolivia 
2002-2015 (Blackwell et al., 
2017) 
11.3 13.2 
Guatemala 
City 
1953-1999 Present work 11.4 13.3 
Non-African 
American, 
USA2 
2002-2010 (McCormack et al., 
2017) 
11.6 13.4 
ALSPAC, UK 1991-2011 (Frysz et al., 2018) 11.7 13.6 
Timor-Leste 2009-2016 (Spencer et al., 
2018) 
11.7 14.2 
Somerset, UK 1981 (Cole et al., 2015) 12.5 13.9 
South Korea1 1965 (Cole & Mori, 
2018) 
~12.5 ~14.8 
Gambia 1995-1996 (Prentice et al., 
2012) 
13.1 16.1 
Table 4.7 Studies reporting SITAR age at peak height velocity, 
ascending order. 
1 APHV estimated from SITAR velocity curves, no exact value reported by authors. 
2 The samples live in five major US cities: Philadelphia, Cincinnati, Los Angeles, 
New York City and Omaha. 
 
 
 Interpretation 
The results of this chapter show that the SITAR growth models created for 
height, weight, BMI, hand grip strength and bone age fit the data well, and 
the model for height was the most accurate. The benefit of using SITAR to 
model growth lies in the biologically meaningful individual descriptors of the 
growth curve, including estimated age at peak growth velocity (APV) and 
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peak growth velocity (PV), which may be used in further analyses to 
compare growth patterns within and between populations. 
 
As expected, girls reached APV earlier than boys in all growth parameters. 
Besides the difference in the timing of growth, the sexes differed in final 
size in all measures. Girls had a slightly higher final average BMI but for 
height, weight and grip strength the trajectories diverged at puberty with the 
males finishing taller, heavier and stronger. Grip strength showed most 
sexual dimorphism whereby male grip strength was approximately 25 kg 
higher than female grip strength at age 20. These patterns have been well 
described in the growth literature (Wells, 2007). The order of growth events 
was slightly different for boys and girls. In girls, height APV was reached 
first, followed by weight and grip strength PV less than six months later. 
BMI increases were overall very steady, with PV reached nearly a year after 
APHV. For boys, the PV for height and weight occurred close to each other, 
and approximately one year before PV for BMI and hand grip strength. For 
both sexes, the pattern of increased muscle mass and strength after APHV 
has been previously reported, and is often followed by increases in bone 
strength (Rauch et al., 2004; Ruff, 2003; Schoenau & Frost, 2002). Muscle 
mass on the other other hand, is expected to peak before bone mass 
(Rauch et al., 2004). The mean curve for male hand grip strength showed 
a clear pubertal growth spurt, while the female curve is smoother with a 
relatively steady increase of grip strength year to year. The grip strength 
models showed a high correlation between the size and intensity SITAR 
parameters. There are no published growth charts for grip strength utilising 
longitudinal data, and therefore it is unknown if this association between PV 
and grip strength is the norm. In terms of further analyses using the SITAR 
parameters, the high correlation means there might be a problem with 
collinearity in any models where size and intensity are included together. 
 
Bone maturation was investigated for a subsample. The SITAR model for 
bone age shows that bone age corresponded well to chronological age, 
thus the sample were not delayed in skeletal maturation. Bone maturation 
has been previously modelled using SITAR for a sample of South African 
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adolescents (Cole et al., 2015). The study reported that bone maturity 
growth curves differed by sex, but not by ethnicity (black or white) (Cole et 
al., 2015). This is similar to the models reported here, were a small increase 
in the maturation rate of girls was found compared to the very steady slope 
observed for males. 
 
The APV for height for both males and females in the present sample was 
comparable to what has been reported for 21st century populations living in 
Bolivia and the US. Sample size varied widely between the studies included 
in the comparison and not all were nationally representative. The Bolivian 
sample are indigenous forager-horticulturalists with short average height, 
while the US sample are ‘healthy’ non-African Americans living in five major 
US cities (Blackwell et al., 2017; McCormack et al., 2017). Both samples 
with similar APHV to the UVG Sample are more recent, the UVG Study 
predates the others by 20-70 years. Environmental conditions during 
growth can be expected to have been very different for the three 
populations but geographically, the population of Guatemala is located 
between the US and Bolivia.  Interestingly, the Bolivian sample are of short 
height but still share an APHV with the ‘healthy’ US adolescents. Several 
of the other samples reached APHV later than the Guatemalans, including 
two samples measured in late 20th century England, a 1960s South-Korean 
sample, a recent sample from Timor-Leste and a 1990s sample of Gambian 
children, who had the latest estimated APHV of the comparison.  
 
Timing of APV has been associated with environmental conditions during 
growth, whereby positive secular trends following improvements living 
conditions, are linked with earlier puberty due to accelerated maturation 
(Cole & Mori, 2018). The comparison between the SITAR studies shows 
this pattern for South-Korea, where adolescents measured in 1965 reached 
APHV approximately 2 years later than those measured in 2005. The 
existence of secular trends in APHV suggests that the extent to which the 
current sample can be compared with the other SITAR studies is limited by 
the large timeframe (40+ years) and wide socioeconomic variation found in 
the Guatemalan sample. Further work is required to explore the within 
Chapter 4: SITAR 
 
99 
 
population variation in the anthropometric measures to identify potential 
factors creating variation in SITAR size, timing and intensity. On average, 
it the UVG Study sample cannot be considered to have particularly delayed 
maturity. However, the present sample includes several thousand 
individuals of the Maya ethnicity, who are the shortest people on the planet, 
aside from African pygmies (Bogin, 1999). As such, it could be that their 
growth differs from the mean reported here for children of all SEP groups 
in Guatemala.  
 
The SITAR models for height and weight showed a mid-childhood growth 
spurt for both males and females. This phenomenon has been described in 
the literature but cannot be captured by all growth models (e.g. the Preece-
Baines model does not identify a mid-childhood spurt in data (Molinari & 
Gasser, 2004)). The growth spurt has been associated with the end of the 
childhood growth stage, and normally occurs around age 7 years (Bogin, 
1999). In the present sample, the spurt is identifiable at those ages for 
weight, but delayed for height. The reason for this is unclear but could 
become an interesting line of further investigation. The mid-childhood 
height spurt has been linked to adrenarche, which occurs around age 6-8 
years when the production of adrenal androgens suddenly increases in 
children (Davies & Cheetham, 2014; Patton & Viner, 2007). Adrenarche is 
an understudied event and its evolutionary purpose is unclear (Patton & 
Viner, 2007). Research on variation in age of adrenarche has shown that 
amongst first-generation Bangladeshi immigrants to the UK, age at 
adrenarche differs from both native UK children and children living in 
Bangladesh (Houghton et al., 2014). This implies that the timing of the event, 
and therefore the timing of the mid-childhood growth spurt, is related to 
environmental conditions, similarly to the timing of the pubertal spurt. Future 
work may investigate factors associated with increased growth velocity in 
mid-childhood. The SITAR model does not include a parameter identifying 
the spurt, but other modelling techniques could be employed to capture, for 
instance, age at peak mid-childhood growth velocity.  
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In this sample of Guatemalan children and adolescents, girls reached 
maturity before boys in all growth measures, and both sexes showed signs 
of a mid-childhood growth spurt in height and weight. The sample as a 
whole did not have delayed maturity compared to other populations, but the 
averages presented here may disguise variation related to socioeconomic 
position or birth year which need to be further investigated. The SITAR 
growth models fit the data well, and individual random effects could be 
extracted for all study individuals. The SITAR parameters summarising 
childhood growth may be used in life course analyses to compare patterns 
of growth with later life outcomes.  
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Chapter 5 
___________________________________________________________ 
5 Four decades of socioeconomic inequality and 
secular change in the physical growth of 
Guatemalans 
 
  Abstract 
Background: Guatemalans are some of the shortest people in the world. 
Improved economic and public health circumstances have improved height 
in many populations. This study aimed to document socioeconomic 
inequalities and secular changes in human growth patterns in the UVG 
Study sample. 
Methods: SITAR size, timing and intensity parameters in height, weight, 
BMI and grip strength of N=38,672 UVG Study individuals (N=21 788 males 
and N=16 884 females) born 1955-1993 were analysed using linear 
regression. Internal Z-scores summarising growth size, timing and intensity 
were created to investigate inequalities between socioeconomic positions 
(SEP, measured by school). Interactions of SEP with date of birth were 
investigated to capture secular changes in inequalities. 
Results: The difference in height (SITAR size) between lowest and highest 
SEP decreased from -2.0 (95% CI -2.2 to -1.9) to -1.4 (95% CI -1.5 to -1.3) 
SD in males, and from -2.0 (95% CI -2.1 to -1.9) to -1.2 (95% CI -1.3 to -
1.2) in females between 1960-1990. Inequalities also reduced over time for 
weight, BMI and grip strength, due to greater secular increases in lowest 
SEP groups. The puberty period was earlier and shorter in higher SEP 
individuals than low SEP individuals, i.e. earlier SITAR timing and higher 
SITAR intensity. 
Conclusion: Inequality narrowed appreciably 1960-1990. However, the 
lowest SEP groups were still >1 SD shorter than the highest. This is likely 
to have resulted in reduced human capital and poorer population health.
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 Rationale 
Growth is a powerful predictor of later life health and disease risk (Kuh, 
Richards, et al., 2014). Growth faltering in both height and weight in its most 
extreme form causes death, and in lesser forms, is linked to increased 
disease risk later in life, poorer economic productivity, and lower 
educational attainment (NCD-RisC, 2016; Victora et al., 2008). In a broader 
biocultural sense, child height and weight are reflective of the general living 
conditions of a society, including access to health care, education and 
money (Bogin, 1999). Macroeconomic growth per se does not seem to 
reduce rates of growth faltering but there is a consistent relationship 
between socioeconomic position (SEP) and growth within populations 
(Tanner, 1989; Vollmer et al., 2014). Recent work from the UK has shown 
that patterns of inequality in child height, weight and body mass index 
change through time, reflecting changes in the overall living conditions 
(Bann et al., 2018; Tanner, 1989).  
 
In investigations of socioeconomic inequality, it is important to ensure that 
socioeconomic position is adequately measured. This is challenging due to 
the multidimensional nature of complex constructs related to SEP, such as 
poverty (Dufour, 2006). One definition of SEP often used in the health 
sciences includes “socially derived economic factors that influence what 
positions individuals or groups hold within the multiple-stratified structure of 
a society” (Galobardes, Lynch, & Smith, 2007: 3). How these influences are 
captured tends to vary between studies but a variety of individual level 
measures have been suggested, including educational attainment, parental 
income and education, wealth, housing and occupation (Galobardes et al., 
2007). Often, a summary score of different SEP indicators is created to 
represent an individual’s over ‘status’. The use of such different measures 
of SEP means that the extent to which findings can be generalised is limited, 
and the results are tied to the local context. Cultural differences exist in the 
social but also economic value assigned to education, monetary wealth and 
lifestyle more generally (Dufour, 2006). To surpass these issues, it is 
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important to report precisely how inequality or SEP was estimated, and it 
has been suggested that an array of SEP indicators should be used were 
feasible (Galobardes et al., 2007). 
 
Over the last 100 years, there has been a 9.6 cm increase in the average 
height of Guatemalan males, and 9.1 cm increase in Guatemalan females, 
but even so the women are the shortest of any living population, and the 
men the 11th shortest (NCD-RisC, 2016).  Results from two large scale 
longitudinal studies, The Institute of Nutrition of Central America and 
Panama (INCAP) Study and the Universidad del Valle de Guatemala (UVG) 
Longitudinal Study of Child and Adolescent Development, have shown 
there are socioeconomic inequalities in child growth and nutrition in 
Guatemala, and that low socioeconomic position Ladinos and, especially, 
the Maya of Guatemala suffer from severe growth faltering (Bogin & 
MacVean, 1978; Bogin & MacVean, 1983; Martorell, 2010). More recent 
work from the Guatemalan highlands shows stunting remains prevalent, 
with up to 70% of children, mostly of Maya ethnicity, suffering from growth 
retardation today (Solomons et al., 2015).  
 
For childhood weight and BMI, published data from Guatemala are scarce. 
The World-Bank-commissioned INCOVI 2000 Survey found rapid 
increases in childhood obesity rates in nationally representative cross-
sectional data, and estimated that between 1995 and 2000 adult obesity 
rates increased from 8.1 to 16%, whilst 7.2% of urban Guatemalan children 
were estimated to be obese (Marini & Gragnolati, 2003) For females, the 
rates are the highest in Latin America. For childhood grip strength there are 
no nationally representative published data from Guatemala. 
 
There has been one previous investigation of secular trends across SEP in 
Guatemala. This study utilised a subsample of the UVG Study and reported 
decreases in height for both very high, upper-middle, and low SEP children 
during and following the most severe phase of the Guatemalan civil war in 
the 1980s (Bogin & Keep, 1999). This analysis was based on a relatively 
small subsample of the UVG Study and did not report on secular changes 
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in growth parameters other than height. It is further unknown if there have 
been changes over time in the timing and intensity of physical growth. The 
aim of the present study was to document socioeconomic inequalities and 
secular changes in human growth patterns in Guatemala in height, weight, 
BMI and hand grip strength using the UVG Study database.  
 
 Data 
The data used for analyses consisted of the SITAR random effects for 
height, weight, BMI and grip strength of UVG Study individuals born after 
1955 (N=38,672). Date of birth was restricted to 1955 and later because for 
the very early years of the study, data were not available for all seven study 
schools. The sample included N=21,788 males and N=16,884 females. A 
socioeconomic position variable was created from the data of the school 
attended (Table 5.1). The SEP group 1 consisted of individuals who 
attended a private institution charging high fees (School 1). SEP 2 was 
made up of students who attended single-sex private Catholic schools with 
moderate fees (Schools 2 and 5). SEP 3 consisted of students attending 
two co-educational Catholic private institutions with low fee or no fee 
(Schools 4 and 6). SEP 4 included the students of a co-educational, state-
run, non-sectarian institution with no fee (School 3). The students from SEP 
1–SEP 4 were virtually all Ladinos. SEP 5 consisted of students of two co-
educational, state-run, non-sectarian schools with no fee primarily attended 
by individuals of Maya ethnicity (School 7). 
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SEP 
group 
Summary statistics date of birth Males Females 
1 N of individuals 3425 2944 
Mean number of observations per individual 4.6 4.6 
Mean date of birth in years 1972 1973 
Minimum date of birth in years 1955 1955 
Maximum date of birth in years 1994 1994 
2 N of individuals 9290 6559 
Mean number of observations per individual 3.5 3.5 
Mean date of birth in year 1972 1972 
Minimum date of birth in years 1955 1955 
Maximum date of birth in years 1993 1992 
3 N of individuals 1815 1464 
Mean number of observations per individual 2.5 2.5 
Mean date of birth in years 1968 1968 
Minimum date of birth in years 1955 1955 
Maximum date of birth in years 1981 1981 
4 N of individuals 4657 3851 
Mean number of observations per individual 2.4 2.4 
Mean date of birth in years 1972 1972 
Minimum date of birth in years 1955 1955 
Maximum date of birth in years 1993 1993 
5 N of individuals 2601 2066 
Mean number of observations per individual 2.4 2.4 
Mean date of birth in years 1979 1980 
Minimum date of birth in years 1962 1963 
Maximum date of birth in years 1992 1994 
Table 5.1 Summary statistics of sample used for analyses by SEP 
group. 
 
 Analysis  
The individual random effects derived from the SITAR models were 
transformed to internal Z-scores, by sex, to allow for easier comparisons 
between outcomes with different units of measurement. Linear regression 
models were used to investigate variation in size, timing and intensity 
according to SEP group and date of birth in R Statistic (R Core Team, 2018), 
see Appendix 2 for the R code used for the analyses. Models were outcome 
(size, timing, intensity of each measure) and sex specific. The sexes were 
analysed separately, as both inequalities and secular trends may differ by 
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sex (e.g. there may be larger inequality for females). Additionally, 
particularly timing of growth of growth is known to differ between the sexes.  
 
The interaction between SEP group and birth year was added to capture 
whether SEP inequality increased or narrowed through time. The unit of 
measurement for date of birth was changed by dividing the decimal dates 
of birth by 10 (unit changed from year to decade), and the data were 
centered on the mean of the date of birth distribution. This allows for 
meaningful interpretation of effect sizes whereby each decade increase in 
date of birth is associated with β (regression coeffiecient) x Z-score 
increase in the outcome. SEP 1 was assigned as the ‘healthy’ reference 
group as in comparison to the current WHO growth reference for 5 to 19 
year-olds, individuals assigned to SEP 1 in the present sample are close to 
the WHO mean height for age with an average height of -0.2 WHO Z-scores 
across all ages (Table 5.2). 
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Variable SEP 1 SEP 2 SEP 3 SEP 4 SEP 5 
Mean WHO height-for-age Z-score (SD) -0.21 (1.0) -0.46 (1.0) -1.26 (1.0) -1.74 (1.0) -2.0 (0.9) 
DOB 1955-60 -0.18 (1.0) -0.46 (1.0) -1.16 (1.0) -1.87 (1.0) N/A 
DOB 1961-70 -0.23 (0.9) -0.51 (0.9) -1.30 (1.0) -1.80 (1.0) -2.3 (0.9) 
DOB 1971-80 -0.23 (0.9) -0.48 (0.9) -1.29 (0.9) -1.70 (1.0) -2.13 (0.9) 
DOB 1981-90 -0.16 (1.0) -0.32 (1.0) -0.95 (1.7) -1.56 (0.9) -1.88 (0.9) 
DOB > 1991 -0.16 (0.9) -0.20 (0.9) N/A -1.35 (1.1) -1.65 (0.8) 
      
Mean WHO BMI-for-age Z-score (SD) 0.28 (1.0) 0.43 (1.1) 0.15 (1.0) 0.04 (0.9) 0.05 (0.8) 
DOB 1955-60 0.31 (1.0) 0.30 (1.1) 0.18 (1.1) -0.12 (0.9) N/A 
DOB 1961-70 0.22 (1.0) 0.37 (1.1) 0.12 (1.0) -0.06 (0.9) -0.20 (0.8) 
DOB 1971-80 0.32 (1.0) 0.45 (1.1) 0.15 (1.0) 0.12 (0.9) -0.01 (0.8) 
DOB 1981-90 0.31 (1.1) 0.64 (1.2) 1.28 (1.1) 0.24 (1.0) 0.12 (0.8) 
DOB > 1991 
 
0.47 (1.1) 
 
0.96 (1.4) 
 
N/A 
 
0.24 (1.0) 
 
0.31 (0.7) 
 
Prevalence of stunting across ages (%) 2.9 4.7 23.5 39.9 52.0 
Prevalence of obesity across ages (%) 5.1 9.3 4.3 2.1 1.1 
Table 5.2 Mean World Health Organisation (WHO)1 Z-scores and standard deviations (SD) across all ages for height- and 
BMI-for-age by socioeconomic position (SEP) group and date of birth (DOB). 
 1 de Onis, M, Onyango, A, Borghi, E, Siyam, A, Nishida, C, Siekmann, J. Development of a WHO growth reference for school-aged children and 
adolescents. Bulletin of the World Health Organization 2007; 85: 661-6 
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 Results 
5.5.1 Height 
Size 
There was evidence of high inequality in height Z-scores in this population 
whereby the lowest SEP males were, on average, -1.8 (95% CI -1.8 to -1.7) 
standard deviations (SD), and the females -1.6 (95% CI -1.7 to -1.6) SD, 
relative to the reference group (SEP 1) at the centre of the date of birth 
distribution (in year 1972).  
 
Figure 5.1 shows the regression coefficients of male and female height Z-
scores by SEP group and through the date of birth range. There is a 
narrowing of inequality through time, by 1990 the two lowest SEP groups 
have very similar height Z-scores to SEP 3 (Table 5.3; Figure 5.1). However, 
these three groups remain over 1 SD below SEP 1 in both male and female 
height (Figure 5.1). The interaction estimates show formal evidence that the 
SEP inequality has decreased for both males and females as the SEP 
groups 4 and 5 show larger secular increases in height than the other 
groups (Table 5.3). 
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Figure 5.1 Regression estimates of height Z-scores with 95%CI (dot-
whiskers) for size across SEP groups (2-5), with SEP 1 as reference 
group (horizontal line at 0) by decade of birth centered on 1960, 
1970, 1980 and 1990.1 
1The graph was created using R packages ggplot2, broom, jtools, dotwhisker, 
and dplyr (Long, 2018; Robinson & Hayes, 2018; Stolt & Hu, 2018; Wickham, 
2016; Wickham, Francois, Henry, & Mueller, 2018), see Appendix 2 for R code. 
 
Chapter 5: SEP inequality 
 
110 
 
 
 
                                                                  Males                                               Females 
Dependent 
Variable 
Predictor β Std. 
Error 
P-value β Std. 
Error 
P-value 
Height size 
Z-score  
SEP 2 -0·3 0·02 <0.0001 -0·4 0·01 <0.0001 
SEP 3 -1·0 0·03 <0.0001 -1·0 0·02 <0.0001 
SEP 4 -1·4 0·02 <0.0001 -1·3 0·02 <0.0001 
SEP 5 -1·8 0·03 <0.0001 -1·7 0·03 <0.0001 
DOB x SEP 1 -0·02 0·02 0·06 -0·07 0·01 <0.0001 
DOB x SEP 2 0·04 0·02 0·005 0·06 0·02 0·0003 
DOB x SEP 3 -0·00 0·03 0·98 -0·01 0·03 0·7 
DOB x SEP 4 0·1 0·02 <0.0001 0·2 0·02 <0.0001 
DOB x SEP 5 0·2 0·03 <0.0001 0·2 0·03 <0.0001 
R2 adjusted 
0·34 
   R2 adjusted 
0·34 
  
Weight size 
Z-score  
SEP 2 -0·1 0·02 <0.0001 -0·07 0·02 0·0003 
SEP 3 -0·8 0·03 <0.0001 -0·6 0·03 <0.0001 
SEP 4 -1·1 0·02 <0.0001 -0·8 0·02 <0.0001 
SEP 5 -1·4 0·03 <0.0001 -1·0 0·03 <0.0001 
DOB x SEP 1 0·003 0·001 0·02 -0·03 0·02 0·03 
DOB x SEP 2 0·1 0·02 <0.0001 0·1 0·02 <0.0001 
DOB x SEP 3 -0·03 0·03 0·4 -0·02 0·04 0·6 
DOB x SEP 4 0·1 0·02 <0.0001 0·2 0·02 <0.0001 
DOB x SEP 5 0·2 0·03 <0.0001 0·2 0·03 <0.0001 
R2: adjusted 
0·23 
   R2: 
adjusted 
0·16 
  
BMI size Z-
score  
SEP 2 0·1 0·02 <0.0001 0·2 0·02 <0.0001 
SEP 3 -0·3 0·03 <0.0001 -0·1 0·04 0·005 
SEP 4 -0·4 0·02 <0.0001 -0·2 0·02 <0.0001 
SEP 5 -0·5 0·03 <0.0001 -0·2 0·04 <0.0001 
DOB x SEP 1 0·008 0·002 <0.0001 0·03 0·02 0·052 
DOB x SEP 2 0·1 0·02 0·0001 0·1 0·02 <0.0001 
DOB x SEP 3 -0·1 0·04 0·006 -0·06 0·04 0·1 
DOB x SEP 4 0·04 0·02 0·077 0·1 0·02 <0.0001 
DOB x SEP 5 0·1 0·03 0·009 0·1 0·03 0·011 
R2 adjusted 
0·07 
   R2 adjusted 
0·04 
  
Grip size Z-
score  
SEP 2 -0·2 0·02 <0.0001 -0·3 0·02 <0.0001 
SEP 3 -0·9 0·03 <0.0001 -0·7 0·03 <0.0001 
SEP 4 -1·1 0·02 <0.0001 -0·9 0·02 <0.0001 
SEP 5 -1·4 0·03 <0.0001 -1·3 0·03 <0.0001 
DOB x SEP 1 -0·003 0·001 0·03 -0·04 0·01 0·016 
DOB x SEP 2 0·00 0·02 0·8 0·03 0·02 0·1 
DOB x SEP 3 -0·01 0·04 0·8 -0·1 0·04 0·025 
DOB x SEP 4 0·1 0·02 <0.0001 0·1 0·02 <0.0001 
DOB x SEP 5 0·3 0·03 <0.0001 0·3 0·03 <0.0001 
R2 adjusted 
0·22 
   R2 adjusted 
0·16 
  
Table 5.3 Socioeconomic status group and decimal date of birth (DOB, 
in decades) regressions for males and females in height, weight, BMI 
and grip strength size Z-scores with SEP 1 as the reference group. 
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5.5.2 Weight 
Size 
The inequality between the highest and lowest SEP in weight was at the 
centre of the date of birth distribution -1.4 (95% CI -1.4 to -1.3) SD for males, 
and -1.0 (95% CI -1.1 to -0.9) SD for females. Figure 5.2 indicates that there 
was a narrowing of the inequality through time, and the regression 
estimates of the SEP and date of birth interactions confirm this (Table 5.3). 
As with height, the narrowing inequality is due to faster secular increases 
in weight for SEP groups 4 and 5. 
 
5.5.3 BMI 
Size 
Inequalities in BMI were, on average, small compared to height and weight, 
the difference between the highest and lowest SEP was -0.5 (95%CI -0.6 
to -0.5) SD for males and -0.2 (95%CI -0.3 to -0.1) SD for females. There 
were secular increases in BMI for males of SEP groups 1, 2, 4 and 5, and 
females of groups 2, 4 and 5 (Table 5.3; Figure 5.3). In males of SEP 3, 
there was a secular decrease in BMI. 
 
5.5.4 Grip strength 
Size 
There was evidence of high inequality in grip strength Z-scores whereby 
the lowest SEP males were, on average, -1.4 (95% CI -1.5 to -1.4) standard 
deviations (SD), and the females -1.3 (95% CI -1.3 to -1.2) SD weaker than 
the reference group (SEP 1). There was a narrowing of inequality in grip 
strength through time particularly for SEP 5 individuals whose grip strength 
increased, on average, by 0.3 (95% CI 0.3 to 0.4) SD per decade of birth 
for males, and by 0.3 (95% CI 0.3 to 0.4) SD per decade of birth for females 
(Table 5.3; Figure 5.4). By 1990, SEP groups 3, 4 and 5 had very similar 
grip strength, albeit still close to 1SD lesser than the grip of SEP 1 (Figure 
5.4). 
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Figure 5.2 Regression estimates of weight Z-scores with 95%CI (dot-
whiskers) for size across SEP groups (2-5), with SEP 1 as reference 
group (horizontal line at 0), by decade of birth centered on 1960, 
1970, 1980 and 1990. 
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Figure 5.3 Regression estimates of BMI Z-scores with 95%CI (dot-
whiskers) for size across SEP groups (2-5), with SEP 1 as reference 
group (horizontal line at 0), by decade of birth centered on 1960, 1970, 
1980 and 1990. 
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Figure 5.4 Regression estimates of grip strength Z-scores for size with 
95%CI (dot-whiskers) across SEP groups (2-5), with SEP 1 as 
reference group (horizontal line at 0), by decade of birth centered on 
1960, 1970, 1980 and 1990. 
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5.5.5 Timing (APV) 
 
Males in SEP 5 had a 0.2 (95% CI 0.2 to 0.3) SD, and females a 0.4 (95% 
CI 0.4 to 0.5) SD later age at peak height velocity than individuals of SEP 
1, while individuals in SEP 2 had earlier APV than SEP 1 (Table 5.4; Figure 
5.5; Figure 5.6). APV for both males and females of SEP groups 3 – 5 
seemed to converge, whereby APV increased for SEP 3 and decreased for 
SEP 4 and 5 through time (Table 5.4; Figure 5.5; Figure 5.6). 
 
In weight, there were larger inequalities in APV than height. The APV for 
SEP 5 was 0.9 (95% CI 0.8 – 0.9) SD delayed compared to SEP 1 males, 
and 0.9 (95% CI 0.8 to 1.0) SD delayed for SEP 5 females (Table 5.4; 
Figure 5.5). As with height, individuals in SEP 2 had earlier weight APV 
than individuals from SEP 1 (Table 5.4). 
 
5.5.6 Intensity (PV) 
Peak velocity showed larger SEP differences than APV, each decrease in 
SEP group resulted in a decrease in PV of between 0.2 to 0.4 SD in males, 
and 0.2 to 0.4 SD in females (Table 5.5; Figure 5.7; Figure 5.9). Secular 
increases in height PV were observed for SEP groups 2-5 (Table 5.5; 
Figure 5.7; Figure 5.9).  
 
Weight PV showed smaller inequalities than height PV (Table 5.5; Figure 
5.7; Figure 5.9). Secular increases in peak weight velocity were observed 
for SEP groups 1, 2, 4 and 5 (Table 5.5; Figure 5.7; Figure 5.9).  
 
The PV of BMI gain was highest in both males and females of SEP 2, and 
for females, all SEP groups had a higher PV in BMI than the reference 
group (Table 5.5; Figure 5.8; Figure 5.10). There were significant secular 
increases in BMI PV for females of SEP 2 and 4, and the males of SEP 2, 
4 and 5 (Table 5.5; Figure 5.8 ; Figure 5.10).  
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Grip intensity showed very similar patterns to grip size, whereby the initially 
large inequalities in grip PV decreased through time for both males and 
females (Table 5.5; Figure 5.8; Figure 5.10).
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                                                              Males                                      Females 
Dependent 
Variable 
Predictor β Std. 
Error 
P-value β Std. 
Error 
P-value 
Height 
timing Z-
score  
SEP 2 -0·2 0·02 <0.0001 -0·3 0·02 <0.0001 
SEP 3 0·01 0·03 0·7 -0·01 0·04 0·7 
SEP 4 0·1 0·02 0·0003 0·2 0·02 <0.0001 
SEP 5 0·2 0·03 <0.0001 0·4 0·04 <0.0001 
DOB x SEP 1 -0·1 0·01 <0.0001 -0·1 0·02 <0.0001 
DOB x SEP 2 -0·02 0·02 0·3 0·02 0·02 0·3 
DOB x SEP 3 0·1 0·04 0·04 0·2 0·04 <0.0001 
DOB x SEP 4 0·04 0·02 0·07 0·01 0·03 0·7 
DOB x SEP 5 -0·06 0·03 0·03 -0·1 0·04 0·015 
R2 adjusted 
0·02 
   R2 adjusted 
0·05 
  
Weight 
timing Z-
score  
SEP 2 -0·2 0·02 <0.0001 -0·16 0·02 <0.0001 
SEP 3 0·4 0·03 <0.0001 0·4 0·03 <0.0001 
SEP 4 0·6 0·02 <0.0001 0·6 0·02 <0.0001 
SEP 5 0·9 0·03 <0.0001 0·9 0·03 <0.0001 
DOB x SEP 1 -0·1 0·01 <0.0001 -0·1 0·02 <0.0001 
DOB x SEP 2 -0·03 0·02 0·048 0·02 0·02 0·2 
DOB x SEP 3 0·1 0·04 0·011 0·2 0·04 0·00003 
DOB x SEP 4 -0·03 0·02 0·1 -0·1 0·02 0·001 
DOB x SEP 5 -0·2 0·03 <0.0001 -0·1 0·03 0·00004 
R2 adjusted 
0·23 
   R2 adjusted 
0·15 
  
Table 5.4 Socioeconomic status group and decimal date of birth (DOB, 
in decades) regressions for males and females in height, weight, BMI 
and grip strength SITAR timing Z-scores with SEP 1 as the reference 
group. 
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                                                              Males                                           Females 
 
Dependent 
Variable 
Predictor β Std. 
Error 
P-value β Std. 
Error 
P-value 
Height 
intensity Z-
score  
SEP 2 -0·3 0·02 <0.0001 -0·4 0·02 <0.0001 
SEP 3 -0·7 0·03 <0.0001 -0·6 0·04 <0.0001 
SEP 4 -0·9 0·02 <0.0001 -0·7 0·02 <0.0001 
SEP 5 -1·2 0·03 <0.0001 -1·0 0·04 <0.0001 
DOB x SEP 1 -0·01 0·01 0·4 -0·06 0·02 0·0007 
DOB x SEP 2 0·05 0·02 0·0007 0·06 0·02 0·003 
DOB x SEP 3 0·01 0·03 0·7 0·004 0·04 0·9 
DOB x SEP 4 0·1 0·02 <0.0001 0·1 0·02 0·0005 
DOB x SEP 5 0·2 0·03 <0.0001 0·2 0·03 <0.0001 
R2 adjusted 
0·14 
   R2 adjusted 
0·08 
  
Weight 
intensity Z-
score  
SEP 2 0·01 0·02 0·5 0·1 0·02 <0.0001 
SEP 3 -0·4 0·03 <0.0001 -0·02 0·04 0·5 
SEP 4 -0·5 0·02 <0.0001 -0·1 0·02 <0.0001 
SEP 5 -0·8 0·03 <0.0001 -0·4 0·04 <0.0001 
DOB x SEP 1 0·1 0·01 <0.0001 0·1 0·01 <0.0001 
DOB x SEP 2 0·04 0·01 0·04 0·05 0·02 0·03 
DOB x SEP 3 -0·1 0·04 0·02 -0·04 0·04 0·4 
DOB x SEP 4 0·05 0·02 0·02 0·05 0·02 0·04 
DOB x SEP 5 0·05 0·02 0·02 0·13 0·03 0·0003 
R2: adjusted 
0·1 
   R2: 
adjusted 
0·03 
  
BMI 
intensity Z-
score  
SEP 2 0·2 0·01 <0.0001 0·3 0·02 <0.0001 
SEP 3 -0·1 0·03 0·0007 0·3 0·04 <0.0001 
SEP 4 -0·1 0·02 <0.0001 0·2 0·02 <0.0001 
SEP 5 -0·3 0·03 <0.0001 0·3 0·04 <0.0001 
DOB x SEP 1 0·1 0·01 <0.0001 0·03 0·02 0·1 
DOB x SEP 2 0·1 0·02 <0.0001 0·1 0·02 <0.0001 
DOB x SEP 3 -0·05 0·04 0·2 -0·005 0·04 0·9 
DOB x SEP 4 0·1 0·02 0·00009 0·06 0·02 0·01 
DOB x SEP 5 0·1 0·03 0·002 0·04 0·03 0·26 
R2 adjusted 
0·05 
   R2 adjusted 
0·02 
  
Grip 
intensity Z-
score  
SEP 2 -0·2 0·02 <0.0001 -0·3 0·02 <0.0001 
SEP 3 -0·7 0·03 <0.0001 -0·6 0·03 <0.0001 
SEP 4 -0·9 0·02 <0.0001 -0·7 0·02 <0.0001 
SEP 5 -1·3 0·03 <0.0001 -1·2 0·03 <0.0001 
DOB x SEP 1 0·02 0·01 0·15 -0·02 0·02 0·3 
DOB x SEP 2 0·03 0·02 0·1 0·06 0·02 0·0004 
DOB x SEP 3 -0·01 0·04 0·75 -0·1 0·04 0·02 
DOB x SEP 4 0·1 0·02 0·00003 0·1 0·02 <0.0001 
DOB x SEP 5 0·3 0·03 <0.0001 0·3 0·03 <0.0001 
R2 adjusted 
0·17 
   R2 adjusted 
0·11 
  
Table 5.5 Socioeconomic status group and decimal date of birth (DOB, 
in decades) regressions for males and females in height, weight, BMI 
and grip strength SITAR intensity Z-scores with SEP 1 as the 
reference group. 
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Figure 5.5 Regression estimates of male height and weight Z-scores with 
95%CI (dot-whiskers) for timing across SEP groups (2-5), with SEP 1 as 
reference group (horizontal line at 0), by decade of birth centered on 1960, 
1970, 1980 and 1990. 
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Figure 5.6 Regression estimates of female height and weight Z-scores with  
95%CI (dot-whiskers) for timing across SEP groups (2-5), with SEP 1 as 
reference group (horizontal line at 0), by decade of birth centered on 1960, 
1970, 1980 and 1990.
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Figure 5.7 Regression estimates of male height and weight Z-scores with 
95%CI (dot-whiskers) for intensity across SEP groups (2-5), with SEP 1 as 
reference group (horizontal line at 0), by decade of birth centered on 1960, 
1970, 1980 and 1990. 
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Figure 5.8 Regression estimates of male BMI and grip Z-scores with 95%CI (dot-
whiskers) for intensity across SEP groups (2-5), with SEP 1 as reference group 
(horizontal line at 0), by decade of birth centered on 1960, 1970, 1980 and 1990.
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Figure 5.9 Regression estimates of female height and weight Z-scores with 
95%CI (dot-whiskers) for intensity across SEP groups (2-5), with SEP 1 as 
reference group (horizontal line at 0), by decade of birth centered on 1960, 
1970, 1980 and 1990. 
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Figure 5.10 Regression estimates of female BMI and grip Z-scores with 95%CI 
(dot-whiskers) for intensity across SEP groups (2-5), with SEP 1 as reference 
group (horizontal line at 0), by decade of birth centered on 1960, 1970, 1980 and 
1990.
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 Interpretation 
The key result of this chapter is that considerable differences in growth 
remain between the richest and the poorest in Guatemala, despite general 
decreases in inequality. Children of upper middle-income families showed 
larger increases in weight compared to height, and a pattern of plateauing 
and falling grip strength. In contrast, the lower SEP groups started off 
shorter, lighter and ‘weaker’ than the reference group, but then experienced 
large secular increases in these three growth measures. At the end of the 
studied period, the lowest SEP group remained >1SD behind the highest in 
height, weight and grip strength. Inequalities were smallest for BMI at all 
time points. Finally, the higher SEP had significantly earlier maturity and 
higher peak growth velocity in both height and weight, whereas all SEP 
groups showed increases in BMI peak velocity over time. 
 
The scale of the reported SEP differences in the present sample is larger 
than what has been previously observed in high-income contexts, and this 
study is first to report SEP differences for timing and intensity of growth for 
weight, BMI, and grip strength. Our findings are supportive of previous work 
of within population SEP differences in growth that found patterns of secular 
changes differ across socioeconomic positions (Bann et al., 2018). In height 
the lowest SEP individuals were 2 SD below the highest in year 1960, and 
the comparison with the WHO mean Z-scores by SEP group confirmed that 
overall, this group was stunted. As previously stated, the high SEP 
reference group of our study differs by only 0.2 Z-scores from international 
references in mean height and can be thus considered healthy or ‘normal’ 
height. Despite this, more recent reports show that even among the highest 
20% of the Guatemalan income distribution, stunting rates of 17% have 
been reported highlighting the pernicious effects of the environment for 
growth in Guatemala across SEP groups (MSPAS/INE/ICF, 2017).  
 
The lowest two SEP groups showed an increase over time in body size, 
likely reflecting a raised standard of living and more favourable early life 
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environments. The secular changes coincided with the internal conflict in 
Guatemala which started in the 1950s, became a civil war in 1960 and 
continued, with varying intensity, until the signing of the peace accords in 
1996. Whilst the effects of the conflict were devastating to a large part of 
the civilian population in the rural countryside, particularly the Maya, reports 
suggest Guatemala City was better buffered (Tomuschat et al., 1999). The 
two Maya schools were located in a village 25 km from Guatemala City and 
this proximity may have buffered the village as well. American and 
European international corporations started offices in the City and the 
period between 1960 and 1985 included steady economic growth (Trading 
Economics, 2018). This economic growth may have supported the physical 
growth of the lower SEP, despite the on-going conflict.  From 1986 to 1990 
the country experienced the most severe consequences of the civil war 
resulting in an economic recession and the government becoming bankrupt 
by 1990. Previous work with smaller sample sizes found that height 
decreased for 10-11 year-olds of SEP groups 1, 2 and 4, as those born in 
1985 had lower height than those born in 1974 (Bogin & Keep, 1999). This 
study did not find evidence for this, except for SEP 1 females who showed 
an overall negative secular trend in height. The present study focused on a 
wide time range during which the overall trend in height was positive. Taken 
together, these results indicate that further work on the sample needs to 
consider non-linearity in the secular trend for height. 
 
The Cold War US investment in Guatemala included fast-food and 
supermarket chains. The urban population’s access to ‘Western’ nutrition 
was increased, although the prices of many imported food items remain 
high even today. Happy Meal, MacDonald’s famous children’s meal, was 
invented in Guatemala in the mid-1970s before being launched worldwide 
(El Periodico, 2006). The secular trends we observed in the anthropometric 
outcomes of the SEP 2 individuals (upper-middle economic class) fit well 
with these changes to the food environment, as this group is likely to have 
been able to afford the newly available, energy rich diets. The SEP group 
1 (highest economic class) showed a very modest secular increase in male 
weight and a small negative trend in female weight, perhaps suggesting 
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that the change in the nutritional landscape and access to calorie dense 
foods did not significantly change their lifestyle. For BMI, the SEP 1 had the 
smallest secular increases of the all the groups. There is evidence in the 
literature of high SEP individuals from the US and France having lower 
rates of obesity compared to lower SEP groups (Drewnowski et al., 2014), 
possibly relating to social desirability of non-overweight body shape and 
better awareness amongst high SEP individuals of healthy behaviours due 
to higher educational attainment. In the SEP groups 4 and 5 there were 
secular increases in BMI, however, they remained, on average, with lower 
BMI than the SEP 1 and 2 at the end of the studied period. In SEP 3 there 
was a secular decrease in male BMI, and no change for females. The 
reason for this in unclear but due to the ‘middle SEP’ nature of the two 
schools included in this category it is possible that the socioeconomic 
composition of the students in this group changed through time. If so, this 
could explain why there was very little evidence of secular trend in any 
parameter for this SEP group. 
 
Longitudinal grip strength measures were looked at to try to investigate 
physical function in the sample. No previous work has modelled childhood 
grip strength data in such a large sample, and there are no grip strength 
references based on longitudinal data for under 18-year-olds. The 
inequality in grip strength was similar to height, implying that height 
differences between SEP are reflected in lean mass and overall body 
strength as taller children are, on average, stronger. SEP groups 4 and 5 
increased their grip strength through time, which supports a positive 
association between height, weight and grip strength. Indigenous school 
youth 6-17 years of age in Oaxaca, southern Mexico, were surveyed in 
1968, 1978 and 2000 and showed small and, generally, non-significant 
increases in grip strength (Malina, Reyes, Tan, & Little, 2010). The small 
secular gains in muscular strength were generally proportional to secular 
gains in body weight and height (Malina et al., 2010). For the UVG study, 
SEP groups 1, 2 and 3 showed no secular increase in grip strength, despite 
increases in height and weight for SEP 2. The lack of association might 
reflect a change towards a more sedentary lifestyle, a phenomenon which 
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has been globally well recorded in recent decades (Popkin et al., 2012). 
Similar lack of secular increase in adolescent grip strength has been found 
in Canada and the USA (Silverman, 2011). 
 
At the end of the studied period, the lowest three SEP groups remained 
approximately 1 SD below the highest in height, weight and grip strength, 
signalling that even in the presence of secular increases, large inequalities 
persist. It is not feasible to pinpoint the exact reason for this, but these 
findings are likely related to the continuing disparities in Guatemala in 
access to healthcare, education and employment (Cabrera et al., 2015). 
The public healthcare and educational systems are severely underfunded, 
and the country has experienced a continuous procession of corruption 
scandals including government officials involved in organised crime 
networks. Until these underlying structural inequalities are addressed, it is 
possible that the health and growth discrepancies will remain high.  
 
Investigation of timing (APV) and intensity (PV) of growth revealed further 
inequalities as the richer individuals had both earlier maturity and a higher 
peak growth velocity. It is unknown precisely which environmental 
conditions could result in shifts in growth timing and intensity, and whether 
growth faltering could be prevented by interventions targeted at the ‘speed’ 
or timing of growth. Evidence does suggest that both are to some extent 
influenced by intrauterine growth, hormone balance (particularly IGF-I), 
nutritional status including calcium intake, and obesity status (Cole et al., 
2015; De Leonibus et al., 2014; Karaolis-Danckert et al., 2009; Ward et al., 
2014; Wehkalampi et al., 2008). This raises the question whether there is 
an ‘ideal’ APV and PV in terms of risk for later life health and disease 
outcomes. The presence of socioeconomic inequalities and secular shifts 
in these variables suggests a potentially significant environmental effect. In 
height, inequalities were primarily reflected in lower peak velocity for low 
SEP individuals and less so in differences in pubertal timing (i.e. the more 
disadvantaged children grew more slowly), whereas for weight, the 
inequalities manifested more in an older age at peak weight gain for SEP 
groups 4 and 5. In female BMI, all SEP groups had a higher intensity of 
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growth throughout the studied period than the reference group. As 
discussed above, this may reflect social discrepancies in weight desirability 
and body image vs. the socioeconomic and health-based height 
inequalities. Trends toward increasing weight-for-height in SEP groups 2-5 
could in the future result in negative health outcomes from metabolic 
syndrome and its related diseases. 
 
As was discussed in Chapter 2, the analysis of data in this thesis is informed 
by the Life Course Epidemiological Model (LEM) and the Reserve Capacity 
Hypothesis (RCH). While this thesis does not aim to test these concepts, I 
can discuss the findings in the light of these models. The results presented 
in this chapter are in line with the LEM and RCH frameworks, as individuals 
who are assumed to have better growth environments, that is, those with 
higher SEP, achieved greater size in height, weight, BMI and grip strength. 
This larger size may be thought of as structural or functional ‘reserve’. In 
weight and BMI higher reserve is not necessarily positive for long-term 
health if the individual is overweight or obese, as both are associated with 
negative later life outcomes and mortality. 
 
This study had several strengths, including the Universidad del Valle’s large 
dataset of Guatemalan anthropometry. The data, collected over four 
decades, span the entire SEP range of Guatemala City and represent 
individuals of both Ladino and Maya ethnicity. A limitation of this study is 
that SEP was only measured by school, and apart from the work by Bogin 
and Macvean (1983), there has been formal assessment of the measure. 
A further limitation is that we did not include estimates of body fat in the 
analyses. A child with high BMI for age may be ‘fat’, muscular, or they may 
be an early maturer compared to the population mean used to create the 
reference. Finally, our data encompassed only urban and semi-urban 
Guatemalans, which means that inequalities in the growth patterns of the 
rural population could not be assessed.  
 
There has been a narrowing of disparity in physical growth between 
socioeconomic position groups, measured according to school, in 
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Guatemala, but stark inequality remains. This is likely to result in poorer 
population health and productivity, as particularly low adult height has been 
connected to lower human capital. The later life health implications of the 
increasingly fast pubertal BMI gains across the SEP remain to be 
investigated. Most individuals in our sample can be expected to be alive, 
and currently aged 25-76 years old, facilitating future longitudinal follow-
ups.  
 
Chapter 6 
6 Associations between physical growth and later 
life fatness, grip strength, bone health and 
survival 
 
 Abstract 
Background: Obesity and other NCD-related outcomes are increasing in 
prevalence in Guatemala. The aim of the present study was to examine the 
relationship of growth with survival and physical outcomes in old age in a 
follow-up sample of the UVG Study. 
Methods: The associations of SITAR growth parameters in height, weight, 
BMI, grip strength and bone age with adulthood weight, body mass index, 
estimated body fat percentage, and hand grip strength were investigated 
using multivariable regression. Survival to age 64 years was investigated 
using binary logistic regression. The sample were 50 individuals aged 64-
76 years old at re-measurement and 45 who died prior to the year 2017. In 
addition, the associations between childhood and adult bone health index 
(BHI) were examined. 
Results: One SD increase in the childhood BMI size random effect was 
associated with a 1.4% (95% CI -0.02 to 2.8) increase in body fat 
percentage, and a 1.2 kg/m2 (0.2 to 2.2) increase in BMI aged 64-76 years. 
Each SD increase in BMI size was associated with 42% lower odds (OR 
0.58, 0.32-1.04) of survival to age 64 in males. Those who grew slower in 
height, but faster in weight and BMI, had higher BMI and body fat later in 
life. The higher average BHI in pre-adult years was associated with an 
increase in old age BHI (0.5, 0.18 to 0.8). 
Conclusions: Increased childhood and adolescent BMI, and faster weight 
and BMI gain were associated with increased fatness at ages 64-76. In 
males, higher BMI was associated with lower survival. Together, these 
findings add to the evidence of negative outcomes associated with higher 
childhood and adolescent BMI. 
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 Rationale 
Guatemala is affected by the nutritional ‘double burden’ observed in many 
low- and middle-income countries around the world. While Guatemalan 
children continue to show high rates of growth faltering, recent studies show 
that for Guatemalan adults, obesity rates and related negative later health 
outcomes are increasing in prevalence (Ramirez-Zea et al., 2014; Rivera-
Andrade et al., 2018). Currently, an estimated 73% of all Guatemalan 
women and 54% of men are considered overweight or obese (WHO, 
2016a). The increase in obesity prevalence in the country has been linked 
to drastic changes in dietary and physical activity patterns, and particularly 
associated with an increasingly obesogenic environment in the last two 
decades (Ramirez-Zea et al., 2014). Based on the results presented in the 
previous chapter, for urban Guatemalans, this trend is likely to have started 
already before the 1990s.   
Existing life course evidence indicates that childhood growth parameters, 
including height, weight and BMI are associated with later life obesity 
status, fatness, physical ability, and mortality. Childhood and adolescent 
weight and BMI patterns track into adulthood (Aarestrup et al., 2016). 
Excessive childhood weight gain is associated with adulthood obesity, 
metabolic risk factors and mortality (Araújo De Francą et al., 2016; 
Freedman et al., 2004; Johnson, Li, Kuh, & Hardy, 2015; Llewellyn, 
Simmonds, Owen, & Woolacott, 2016; Pollock, 2015). Life course 
associations for height have shown that improved living conditions result in 
taller height, which is associated with lower risk for many negative health 
outcomes including cardiovascular disease and diabetes, but higher risk for 
certain cancers, and positively associated with increased longevity (NCD-
RisC, 2016). 
Hand grip strength is a commonly used indicator of overall physical ability, 
and low grip strength is considered a strong predictor of frailty and mortality 
in older people (Bohannon, 2015; Rantanen et al., 1999a). Systematic 
reviews report low grip strength is associated with a higher risk for 
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dementia, disability, and mortality (Bohannon, 2008; Dodds et al., 2012). In 
these studies, grip strength data come from middle-aged and older 
individuals. No research has related childhood grip strength to old age 
outcomes.  
Bone age is a measure of bone maturation and the biological age of an 
individual (Thodberg et al., 2009). Children who have experienced 
environmental insults during growth tend to be behind in bone age 
(Martorell, 2010), making it, similarly to height, a skeletal indicator of 
environmental conditions during growth. In Guatemala, children of the lower 
SEP who took part in the INCAP Study were retarded in bone age, but the 
consumption of a food supplement during childhood was associated with 
greater bone mineral content, bone width, and bone mineral density during 
adolescence (Martorell, 2010). However, the relationship disappeared after 
controlling for weight and stature, which suggests that the effects were likely 
related to improvements in overall somatic growth associated with the 
supplemented diet (Martorell, 2010). Later bone health of these individuals 
is unknown. 
The later life health consequences of timing (age at peak velocity) and 
intensity (peak velocity) of growth have not been well investigated, but there 
is evidence that earlier puberty increases the risk of cardiovascular disease 
and a range of negative cardiometabolic outcomes in addition to obesity 
(Prentice & Viner, 2013). Obese boys and girls present an earlier onset and 
completion of puberty, and an impaired height gain during puberty (De 
Leonibus et al., 2014). Pubertal timing has also been associated with BMI 
change from childhood to adulthood with higher mean BMI for the earlier 
maturers at ages 7 to 33 years (Power et al., 1997). In the previous 
chapters, timing of growth was shown to vary between populations, and 
socioeconomic inequalities were reported for both timing and intensity of 
growth in height, weight, BMI and grip strength in Guatemala. Individuals 
belonging to the highest SEP group had an earlier age at peak growth 
velocity but interestingly, a lower peak velocity in BMI compared to the other 
groups. It is important to study the later life health implications of these 
differences.  
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While existing life course studies from Guatemala have reported on the 
positive effects of improved childhood growth on educational attainment 
and economic productivity (Hoddinott et al., 2008; Maluccio et al., 2006), 
no research has investigated associations between physical growth 
parameters and old age weight, fatness, physical ability or mortality in the 
country. This chapter aims to investigate whether the growth trajectories of 
the UVG Study follow-up sample in pre-adult life are associated with five 
old age outcomes – weight, BMI, estimated body fat percentage, grip 
strength and survival. Further, the associations between childhood and old 
age bone health index (BHI) were examined for the sub-sample these data 
were available for. 
 
 Data 
The raw measurements, as well as the standardised SITAR random effects 
for height, weight, BMI, grip strength and bone age of the follow-up 
participants (N=50 alive, N=48 decesed participants) were extracted from 
the UVG database and the SITAR model files, and saved.  
Bone age data were available for 48 of the living and 41 of the deceased 
participants. Cause of death was not known for the deceased individuals, 
so survival data were simply coded and saved as ‘alive’ or ‘deceased’ (i.e. 
all-cause mortality). Childhood bone health index (BHI) data were extracted 
for the living follow-up study individuals for whom a follow-up X-ray and BHI 
was available (N=27).  
Follow-up study data used in the present analyses included height (cm), 
weight (kg), hand grip strength (kg), subscapular and triceps skinfold 
measurements (mm) taken at age 64-76 years. BMI was computed as 
kg/m2. Body fat percentage was estimated from the triceps and subscapular 
skinfold thickness following the Siri body fat equation and the Durnin and 
Womersley (1973) body density equation for individuals over 50 years of 
age: 
 Chapter 6: Life course associations 
135 
 
% 𝑓𝑎𝑡 = (
4.95
𝑑𝑒𝑛𝑠𝑖𝑡𝑦
− 4.50) × 100 
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑐 − 𝑚 × log 𝑠𝑘𝑖𝑛𝑓𝑜𝑙𝑑 
Where skinfold is the sum of two skinfolds (triceps and subscapular), and c 
and m are reference values determined by age and sex (Durnin & 
Womersley, 1973). The follow-up data were entered into Microsoft Excel 
file alongside the SITAR random effects.  
 
 Analysis 
Data were analysed using SPSS (IBM, 2015) and R Statistic (R Core Team, 
2018). The raw childhood height and BMI data of the living follow-up sample 
(N=50; 486 observations) were converted to WHO Z-scores using the 2007 
WHO reference charts and the R-package who2007 (de Onis et al., 2007). 
A summary statistic table was created of the sample’s average height and 
BMI WHO Z-scores between ages 5 and 19 years. The who2007 package 
does not include weight Z-scores beyond age 10 years, as the WHO 
considers weight-for-age beyond this age poor at distinguishing between 
height and body mass due to children experiencing the pubertal growth 
spurt which may lead them to appear as having excess weight (by weight-
for-age) when in fact they are just tall (WHO, 2007b).  
A further summary table was created of the four anthropometric outcome 
variables at ages 64-76 years of the participants (N=50) by sex (weight, 
BMI, body fat % and grip strength).  
The SITAR random effects were used as exposures in linear regression 
models. In total, 20 models were created and the associations between 
each exposure – childhood height, weight, BMI, grip strength and bone age 
random effects, were compared with each outcome – weight, BMI, body fat 
percentage and grip strength. All models were adjusted for sex and age at 
follow-up. Birth year, which is collinear with age at follow-up (one-year 
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increase in one, results in a one-year increase in the other), was not 
included in the models.  
Due to the collinearity (r=0.81) between the size and intensity SITAR fixed 
effects for grip strength it was decided to model these variables both 
together and separately. All other models were mutually adjusted for the 
random effects (size, timing and intensity). Due to the limited sample size, 
posthoc statistical power (F-test) was calculated for a subsample of the 
multivariable models using G*Power (Faul, Erbfelder, Lang, & Buchner, 
2007). 
A further regression model was created to compare average childhood BHI 
of each individual with their later life BHI (N=27). Again, post hoc statistical 
power (F-test) was calculater using G*Power. 
Logistic regression was used to examine the relationship of the SITAR 
random effects with a binary outcome variable (0=dead, 1=alive). Models 
were run separately for males and females, as survival trends are known to 
be different for each sex (WHO, 2016b).  Posthoc statistical power (t-test) 
was calculated using G*Power for a subsample of the models. 
Dot-whisker graphs were created in Excel to visualise the regression 
estimates and 95% confidence intervals for each regression model. Further 
graphs were created to visualise the growth trajectories in height, weight, 
BMI and grip strength between the alive and deceased participants using 
SITAR.  
 Results 
Table 6.1 shows the average childhood height and BMI WHO Z-scores of 
the living follow-up sample between 5 and 19 years. On average, the follow-
up participants were within the normal range for height (+/- 0.67 SD). In 
BMI, both males and females were within the normal range, males 0.1 SD, 
and females 0.3 SD above the WHO reference mean.  
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 Males (N=29) 
Mean (SD) 
Females (N=21) 
Mean (SD) 
Age (years) 12.4 (3.5) 12.3 (3.4) 
Height Z-score -0.45 (1.1) -0.59 (0.8) 
BMI Z-score 0.1 (0.9) 0.3 (0.9) 
Table 6.1 Average height and BMI WHO Z-scores of the follow-up 
sample (N=50) aged 5 to 19 years, by sex. 
 
Table 6.2 shows a summary of the anthropometric outcome measures 
investigated at ages 64-76 years, on average, both males and females are 
overweight (BMI>25). 
 Males (N=29) 
Mean (SD) 
Females (N=21) 
Mean (SD) 
Age (years) 68.8 (3.5) 69.8 (3.2) 
Height (cm) 172.5 (7.4) 157.4 (5.7) 
Weight (kg) 78.8 (13.9) 69.5 (13.4) 
BMI (kg/m2) 26.3 (3.5) 27.9 (4.7) 
Body fat (%) 31.5 (4.9) 41.0 (4.9) 
Grip strength (kg) 38.9 (5.9) 20.6 (4.0) 
Table 6.2 Age 64-76 years follow-up sample characteristics in age 
and anthropometric outcomes by sex. 
 
6.5.1 Childhood SITAR exposures and outcomes at 64-76 years 
6.5.1.1 Weight at age 64-76 
Childhood BMI trajectory was associated with weight between ages 64-76: 
one standard deviation (SD) increase in childhood BMI size was associated 
with a 4.2 kg (CI 0.5-7.9) increase in weight between 64-76, while one SD 
increase in BMI intensity was associated with a 4.5 kg (CI 0.8-8.1) increase 
in weight (Figure 6.1; Table 6.3). Overall, 61% of weight variance in old age 
was explained by the childhood weight size, timing and intensity. 
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Figure 6.1 Effect size β with 95% confidence intervals (CI) for weight 
(kg) at age 64-76 years as predicted by standardised childhood 
height, weight, BMI and grip strength size, timing and intensity. One 
SD change in predictor represents β x change in weight (kg). All 
models were adjusted by sex and age at follow-up, N=50. 
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Outcome Childhood predictor β 95% CI 
Lower       Upper 
 P- 
value 
Weight 
(kg) at 
64-76 
years 
Female sex -7.8 -14.2 -1.3 0.02 
Height size 10.5 7.0 13.9 <0.001 
Height timing -0.9 -4.2 2.3 0.5 
Height intensity -2.8 -6.2 0.7 0.12 
Age (years) 0.2 -0.8 1.1 0.7 
Adjusted R2: 0.47 
Power: 0.99 
    
 
Female sex -10.4 -15.9 -4.8 <0.001 
Childhood weight size 10.1 7.2 13.0 <0.001 
Childhood weight timing 1.6 -1.3 4.5 0.3 
Childhood weight intensity -0.3 -3.4 2.9 0.9 
Age 0.6 -0.3 1.5 0.2 
Adjusted R2 0.57 
Power: 0.98 
    
 Female sex -12.1 -19.4 -4.8 0.002 
Childhood BMI size 4.2 0.5 7.9 0.028 
Childhood BMI intensity 4.5 0.8 8.1 0.018 
Age 0.3 -0.9 1.4 0.6 
Adjusted R2: 0.27 
Power: 0.49 
    
 
Female sex -9.4 -17.4 -1.3 0.023 
Childhood grip strength size 2.2 -5.0 9.3 0.5 
Childhood grip strength intensity 0.9 -6.2 8.0 0.8 
Age 0.5 -0.8 1.8 0.5 
Adjusted R2: 0.08 
Power: 0.05 
    
 Female sex -9.4 -17.3 -1.4 0.022 
 Childhood grip strength size 2.9 -1.03 6.9 0.1 
 Age 0.5 -0.8 1.7 0.5 
 Adjusted R2: 0.09 
Power: 0.05 
    
 Female sex -9.5 -17.5 -1.5 0.021 
 Childhood grip strength intensity 2.7 -1.3 6.6 0.2 
 Age 0.4 -0.9 1.7 0.5 
 Adjusted R2: 0.09 
Power: 0.05 
    
Table 6.3 Multivariable regressions of height, weight, BMI and grip 
strength and on weight at age 64-76 years (standardized and mutually 
adjusted for size, timing and intensity; for grip strength, both adjusted 
and non-adjusted models; and an estimate of posthoc statistical 
power), controlled by sex and age at follow-up, N=50. 
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6.5.1.2 BMI at age 64-76 
Increased size over the growth period was associated with increased BMI 
at ages 64-76 years. A 1.6 kg/m2 (CI 0.3-2.9) increase in BMI at ages 64-
76 was observed per each SD increase in childhood height size, a 1.8 kg 
(CI 0.8-2.9) increase per SD increase in weight size, and a 1.2 kg/m2 (CI 
0.2-2.2) increase per SD increase in BMI size (Figure 6.2; Table 6.4). In 
total, 42% of BMI variance in old age was predicted by the BMI growth 
pattern. 
 
 
Figure 6.2 Effect size β with 95% confidence intervals (CI) for BMI 
(kg/m2) at age 64-76 years as predicted by standardised childhood 
height, weight, BMI and grip strength size, timing and intensity. One 
SD change in predictor represents β x change in BMI (kg/m2). All 
models were adjusted by sex and age at follow-up, N=50. 
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Outcome Childhood predictor β 95% CI 
Lower       Upper 
P-
value 
BMI 
(kg/m2) at 
64-76 
years 
Female sex 1.4 -1.0 3.8 0.3 
Height size 1.6 0.3 2.9 0.02 
Height timing -0.2 -1.5 1.0 0.7 
Height intensity -1.0 -2.3 0.3 0.13 
Age (years) 0.1 -0.3 0.5 0.6 
Adjusted R2: 0.071 
    
 
Female sex 1.3 -0.7 3.3 0.2 
Childhood weight size 1.8 0.8 2.9 0.001 
Childhood weight timing 0.7 -0.3 1.8 0.2 
Childhood weight intensity 1.0 -0.2 2.1 0.09 
Age (years) 0.1 -0.3 0.4 0.5 
Adjusted R2: 0.31 
    
 Female sex 0.7 -1.3 2.6 0.5 
Childhood BMI size 1.2 0.3 2.2 0.015 
Childhood BMI intensity 1.9 0.9 2.9 <0.001 
Age 0.1 -0.2 0.4 0.6 
Adjusted R2: 0.37      
Female sex 1.6 -0.9 4.0 0.2 
Childhood grip strength size 0.3 -1.8 2.5 0.8 
Childhood grip strength intensity 0.1 -2.1 2.2 0.9 
Age (years) 0.1 -0.3 0.5 0.5 
Adjusted R2: 0.03 
    
 Female sex 1.6 -0.8 4.0 0.2 
 Childhood grip strength size 0.4 -0.8 1.6 0.5 
 Age (years) 0.1 -0.3 0.5 0.5 
 Adjusted R2: 0.01     
 Female sex 1.5 -0.9 3.9 0.2 
 Childhood grip strength intensity 0.3 -0.9 1.5 0.6 
 Age 0.1 -0.3 0.5 0.5 
 AdjustedR2: 0.001     
Table 6.4 Multivariable regressions of height, weight, BMI and grip 
strength and on BMI at age 64-76 years (standardized and mutually 
adjusted for size, timing and intensity; for grip strength, both adjusted 
and non-adjusted models), controlled by sex and age at follow-up, 
N=50. 
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6.5.1.3 Body fat percentage at age 64-76 
Similarly to BMI, body fat between ages 64 to 76 years was associated with 
larger size over growth, this included a 2.4% (CI 0.9-4.0) increase in fat per 
SD increase in height size, a 2.2% (CI 0.8-3.6) increase per SD increase in 
weight size, and a 1.4% (0.0-2.8) increase per SD increase in BMI size. 
Conversely body fat was 1.5% (CI 0.0-3.0) lower per SD increase in height 
intensity (i.e. faster growth (Figure 6.3; Table 6.5). 
 
 
Figure 6.3 Effect size β with 95% confidence intervals (CI) for body 
fat (%) at age 64-76 years as predicted by standardised childhood 
height, weight, BMI and grip strength size, timing and intensity. One 
SD change in predictor represents β x change in body fat (%). All 
models were adjusted by sex and age at follow-up, N=50. 
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Outcome  Childhood predictor β 95% CI 
Lower     Upper 
P-
value 
Body fat 
(%) at 64-
76 years) 
Female sex 9.4 6.6 12.2 <0.001 
Height size 2.4 0.9 4.0 0.002 
Height timing 0.0 -1.4 1.4 0.9 
Height intensity -1.5 -3.0 0.0 0.06 
Age (years) 0.1 -0.3 0.6 0.5 
Adjusted R2: 0.55 
    
 
Female sex 9.1 6.4 11.8 <0.001 
Childhood weight size 2.2 0.8 3.6 0.003 
Childhood weight timing -0.0 -1.4 1.4 0.9 
Childhood weight intensity -0.1 -1.7 1.4 0.9 
Age 0.2 -0.3 0.6 0.4 
Adjusted R2: 0.55 
    
 Female sex 8.7 5.9 11.5 <0.001 
Childhood BMI size 1.4 -0.0 2.8 0.053 
Childhood BMI intensity 0.8 -0.6 2.2 0.2 
Age 0.1 -0.3 0.6 0.5 
Adjusted R2: 0.52      
Female sex 9.4 6.4 12.3 <0.001 
Childhood grip strength size 0.5 -2.1 3.1 0.7 
Childhood grip strength intensity -0.8 -3.4 1.8 0.5 
Age 0.1 -0.3 0.6 0.5 
Adjusted R2: 0.45 
    
 Female sex 9.4 6.4 12.3 <0.001 
 Childhood grip strength size -0.2 -1.6 1.3 0.8 
 Age 0.1 -0.3 0.6 0.5 
 Adjusted R2: 0.46     
 Female sex 9.4 6.4 12.3 <0.001 
 Childhood grip strength intensity -0.4 -1.8 1.0 0.6 
 Age 0.1 -0.3 0.6 0.5 
 Adjusted R2: 0.46     
Table 6.5 Multivariable regressions of height, weight, BMI and grip 
strength and on body fat at age 64-76 years (standardized and 
mutually adjusted for size, timing and intensity; for grip strength, both 
adjusted and non-adjusted models), controlled by sex and age at 
follow-up, N=50. 
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6.5.1.4 Hand grip strength at age 64-76 
Hand grip strength between ages 64 to 76 years was associated with a 1.6 
kg (CI 0.0-3.1) increase per SD increase in height size, and 2.0 kg (CI 0.5-
3.5) higher per SD increase in weight size. Grip strength was also 1.6 kg 
(CI 0.2-3.1) higher per SD increase in height timing, i.e. later peak velocity 
(Figure 6.4). Childhood grip strength was not related to old age grip strength 
independent of adjustment by intensity of growth (Table 6.6). 
 
Figure 6.4 Effect size β with 95% confidence intervals (CI) for grip 
strength (kg) at age 64-76 years as predicted by standardised 
childhood height, weight, BMI and grip strength size, timing and 
intensity. One SD change in predictor represents β x change in grip 
(kg). All models were adjusted by sex and age at follow-up, N=50. 
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Outcome  Childhood predictor β 95% CI 
Lower       Upper 
P-
value 
Grip 
strength 
(kg) at 
64-76 
years 
Female sex -17 -20 -14 <0.001 
Height size 1.6 0.05 3.1 0.04 
Height timing 1.6 0.2 3.0 0.03 
Height intensity 0.4 -1.2 1.9 0.6 
Age (years) -0.2 -0.6 0.3 0.5 
Adjusted R2: 0.80 
    
 
Female sex -18.2 -21.1 -15.3 <0.001 
Childhood weight size 2.0 0.5 3.5 0.011 
Childhood weight timing 0.8 -0.7 2.3 0.3 
Childhood weight intensity -0.3 -1.9 1.3 0.7 
Age 0.02 -0.5 0.5 0.9 
Adjusted R2: 0.78 
    
 Female sex -18.5 -21.7 -15.4 <0.001 
Childhood BMI size 0.5 -1.1 2.2 0.5 
Childhood BMI intensity 0.6 -1.0 2.2 0.4 
Age -0.1 -0.6 0.4 0.7 
Adjusted R2: 0.74      
Female sex -0.1 -0.2 -0.09 <0.001 
Childhood grip strength size 0.003 -0.03 0.03 0.8 
Childhood grip strength intensity -0.01 -0.03 0.02 0.7 
Age 0.01 0.002 0.01 0.011 
Adjusted R2: 0.75 
    
 Female sex -18.1 -21.1 -15.1 <0.001 
 Childhood grip strength size 1.1 -0.4 2.7 0.1 
 Age -0.04 -0.5 0.5 0.9 
 Adjusted R2: 0.75     
 Female sex -18.1 -21.2 -15.1 <0.001 
 Childhood grip strength intensity 1.0 -0.5 2.5 0.2 
 Age -0.06 -0.5 0.4 0.8 
 Adjusted R2: 0.75     
Table 6.6 Multivariable regressions of height, weight, BMI and grip 
strength and on grip strength at age 64-76 years (standardized and 
mutually adjusted for size, timing and intensity; for grip strength, both 
adjusted and non-adjusted models), controlled by sex and age at 
follow-up, N=50. 
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6.5.1.5 Bone age and BHI 
Childhood bone age index was not associated with the examined old age 
outcomes  (Table 6.7), however, lower pre-adult BA intensity, that is, 
maturing at a slower pace than the mean, was associated with taller old 
age height (β=-2.8, 95% CI -5.3 to -0.3, P=0.03). The average BHI of pre-
adult years explained 50.1% of variance in old age BHI, when adjusted by 
sex and age at follow up (Table 6.8). 
Dependent 
Variable 
Predictor β 95% CI 
Lower       Upper 
P-
value 
Weight (kg) 
at 64-76 
years 
Sex -9.8 -17.9 -1.7 0.02 
Childhood bone age timing -0.9 -5.9 4.2 0.7 
Childhood bone age intensity -4.5 -9.6 0.61 0.08 
Age -0.03 -1.3 1.3 0.9 
Adjusted R2: 0.16 
    
BMI (kg/m2) 
at 64-76 
years 
Sex 1.4 -1.0 3.9 0.2 
Childhood bone age timing -0.5 -2.1 1.0 0.5 
Childhood bone age intensity -0.6 -2.2 0.9 0.4 
Age 0.04 -0.3 0.4 0.8 
Adjusted R2: 0.02 
    
Grip 
strength 
(force kg) at 
64-76 years 
Sex -18.3 -21.6 -15.0 <0.001 
Childhood bone age timing 0.9 -1.1 2.9 0.4 
Childhood bone age intensity -1.3 -3.3 0.8 0.2 
Age -0.1 -0.6 0.4 0.6 
Adjusted R2: 0.74 
    
Estimated 
body fat (%) 
at 64-76 
years 
Sex 9.4 6.4 12.4 <0.001 
Childhood bone age timing -0.01 -1.8 1.8 0.9 
Childhood bone age intensity -1.4 -3.3 0.4 0.1 
Age 0.1 -0.4 0.6 0.6 
Adjusted R2: 0.49 
    
Table 6.7 Multivariable regressions of weight, BMI, grip strength and 
body fat % in old age on pattern of growth in bone age (standardized 
and mutually adjusted for timing and intensity), controlled by sex 
and age at follow-up, N=48 
Dependent 
Variable 
Predictor β 95% CI 
Lower       
Upper 
P-value 
BHI at 64-76 
years 
Average childhood BHI 0.5 0.18 0.8 0.003 
Age -0.08 -1.3 -0.02 0.008 
Sex -0.4 -0.7 -0.03 0.035 
Adjusted R2: 0.43 
Power: 0.92 
    
Table 6.8 Multivariable regressions of bone health index (BHI) in old 
age on average BHI in childhood, controlled by sex and age at 
follow-up, N=27 
 Chapter 6: Life course associations 
147 
 
 
6.5.1.6 Survival 
The mean trajectories for growth in height, weight, BMI and hand grip 
strength by sex between living and deceased participants are illustrated in 
Figure 6.5 and Figure 6.6. For height, no difference was detectable between 
living and deceased participants from the graphs, and this was confirmed 
by the results of the logistic regression analysis (Table 6.9). The deceased 
males seem to have a slightly higher weight than the living follow-up 
participants. This is reflected in BMI, where each SD increase in BMI size 
was associated with 42% lower odds (OR 0.58, CI 0.32-1.04) of survival to 
age 64 in males. There was no association in females (OR: 0.9, CI 0.52-
1.90).  
For hand grip strength, the line showing the average grip stregnth by age 
for the living female participants is visibly higher at earlier ages and then 
lower at older ages, perhaps relating to slightly different growth tempo 
(SITAR could not fit the grip strength models with a tempo fixed effect and 
therefore this cannot be further investigated). When grip strength size and 
intensity are analysed in separate models, there is no association between 
grip strength and survival. When size and intensity are included in the same 
regression model, there was a 7.65 (CI 0.92-63.94) times higher odds of 
survival to age 64 for each SD increase in grip strength for women, but not 
men (OR 1.01, CI 0.43-2.39).  
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Figure 6.5 Mean male height, weight, BMI and grip strength size trajectories in the follow-up and deceased sample (dotted 
line) by survivorship (green=survival to age 64 N=29, red = deceased N=32). 
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Figure 6.6 Mean female height, weight, BMI and grip strength size trajectories in the follow-up and deceased sample 
(dotted line) by survivorship (green=survival to age 64 N=21, red=deceased N=13). 
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Childhood predictor Males  Females  
OR 95% CI P       OR 95% CI P 
Height        
    Size 0.97 0.52 to 1.79 0.9     0.96 0.40 to 2.27 0.9 
    Timing 1.37 0.75 to 2.51 0.3 0.91 0.42 to 1.97 0.8 
    Intensity 1.62 0.87 to 3.01 0.13 0.58 0.20 to 1.68 0.3 
Weight       
    Size 0.69 0.39 to 1.21 0.2 1.25 0.62 to 2.52 0.5 
    Timing 1.17 0.66 to 2.08 0.6 0.79 0.37 to 1.70 0.5 
    Intensity 1.05 0.60 to 1.84 0.8 0.49 0.19 to 1.23 0.13 
BMI       
    Size 0.58 0.32 to 1.04 0.07 0.99 0.52 to 1.90 0.9 
    Intensity 
    Power  
0.97 
0.60 
0.56 to 1.68 0.9 1.25 0.62 to 2.50 0.5 
Grip strength (modelled 
together) 
      
    Size 1.01 0.43 to 2.39 0.99 7.65 0.92 to 63.94 0.06 
    Intensity  1.04 0.36 to 3.01 0.94 0.19 0.04 to 1.01 0.05 
Grip strength size  1.03 0.63 to 1.70 0.9 1.06 0.52 to 2.19 0.8 
Grip strength intensity 1.05 0.57 to 1.93 0.9 0.84 0.48 to 1.46 0.5 
Table 6.9 Results of logistic regression relating survival to the 
patterns of growth in height, weight, BMI and grip strength; males 
(N=61) and females (N=34). Each childhood measure (height, weight, 
BMI, grip) was modelled separately. 
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 Interpretation 
The key finding of this chapter is that individuals who were taller, heavier 
and had a higher BMI in youth, had higher BMI and fatness at 64-76 years 
of age, and for males, lower odds of survival to age 64 in this sample of 
Guatemalans. Similarly, those who grew slower in height but faster in 
weight and BMI before age 20 years had higher BMI and body fat later on.  
The present study population are urban high SEP Guatemalans, whose 
current living environment has been described as increasingly obesogenic 
(Ramirez-Zea et al., 2014). The descriptive anthropometric summary 
statistics show that between ages 5 to 19 the living follow-up sample was, 
on average, in the normal range (-1 to +1 SD) for both BMI and height. In 
contrast, at ages 64-76 the same individuals had an average BMI and body 
fat in the overweight range (BMI >25; percentage body fat over 25% in men, 
and over 39% in women) (Chumlea et al., 2002; Gallagher et al., 2000). 
This is the usual pattern observed in cohorts who have been exposed to an 
obesogenic environment only in adulthood (Lee et al., 2010).  
The general understanding in human biology is that, in most instances, 
‘taller is better’ in terms of lower risk of mortality and morbidity (NCD-RisC, 
2016). This is not supported by the present analysis. Being taller in 
childhood was associated with higher body fat in old age. But this was 
confounded in part by intensity of growth, in that individuals whose height 
peak velocity was lower had higher body fat in old age. This finding may be 
related to individuals with longer growth periods (low peak velocity) ending 
up taller overall, and thus with more fat. There is evidence that taller 
children are fatter, have higher BMI and leptin levels, and are more insulin 
resistant (Metcalf et al., 2011). However, contrary to the findings of the 
present study, it was children with faster growth who became taller and had 
higher body fat (Metcalf et al., 2011). The difference in the direction of the 
relationship between fatness and growth velocity could be explained by the 
different ages at which measurements were included, the children studied 
by Metcalf et al. were 7 to 12 years old and therefore no data on pubertal 
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peak height velocity was included. In the present study, there was no 
association between height peak velocity and old age grip strength, 
suggesting that the association between intensity of height growth and old 
age body composition may relate specifically to fat mass and not lean mass. 
This follows from an assumption that grip strength is reflective of muscle 
rather than fat mass (Bohannon, 2015).   
Previous research has acknowledged the need for life course epidemiology 
to investigate pubertal and adolescent growth spurt timing (APV) and 
possible related later life risks (Viner et al., 2015), but has most often 
focused only on absolute size (e.g. height or weight) rather than the timing 
and intensity of growth (Cole et al., 2016). The advantage of using SITAR 
modelling is that size, timing and intensity are estimated simultaneously. 
Earlier timing has been linked with increased risk of adult obesity (Prentice 
& Viner, 2013), and children who are tall for age around puberty and with 
earlier bone maturation are also more likely to be overweight in adulthood 
(Johnson et al., 2012). Early timing of puberty has been reported to predict 
greater risk for adult obesity and higher BMI (Power et al., 1997; Prentice 
& Viner, 2013). The results of the present study support this, to an extent, 
as although age at peak velocity was not associated with increased BMI 
aged 64-76, faster BMI increase, and thus a more intense period of BMI 
growth, were positively associated with later weight, BMI and body fat.  
High childhood BMI was associated with lower odds ratio of survival to age 
64 in males in the present sample. This effect seems to be driven by 
deceased individuals having a higher weight and not height than the living 
follow-up participants. There was no apparent association between BMI 
during growth and survival in females, but the higher life expectancy and 
hence lower number of deaths in women means that this comparison would 
likely require a larger sample number, measured at later ages, to be 
detectable. Alternatively, the lack of association could be related to the sex 
difference in investments into energy storage during growing years that 
relate to reproductive strategies as women need the early life body fat for 
healthy reproduction and lactation (Kuzawa, 1998; Wells, 2007).  
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Grip strength in old age was associated with larger size during growth (both 
height and weight), and also later height timing. This implies, as might be 
expected based on allometry, that larger overall size results in more muscle 
mass and greater strength. Muscle strength is a key ageing biomarker, and 
high grip strength in old age is associated with lower mortality and morbidity 
(Bohannon, 2008). In the present study there was no association between 
childhood and old age grip strength, so to clarify how growth in grip strength 
relates to old age grip strength further studies are needed with larger 
sample sizes. Finally, larger grip strength was associated with increased 
odds of survival to age 64 nearly 8-fold in females, if the size and intensity 
parameters were modelled together, however, this effect was not found 
when the variables were analysed independently. This finding is due to 
negative confounding of the size-survival relationship by intensity, which 
was positively associated with size but negatively associated with survival 
(see Mehio-Sibai, Feinleib, Sibai, & Armenian, 2005). 
The results of this study for bone age and the bone health index are 
inconclusive. It seems there is no straightforward relationship between 
bone age timing and intensity and later life physical outcomes, but this could 
be related to the small sample size of the present study. The BHI seems to 
stay relatively stable across the life course, whereby individuals’ average 
childhood BHI was associated with their old age BHI. The sample for the 
bone health analysis was small, due to the limited number of follow-up study 
individuals who agreed to a repeat hand-wrist X-ray. This has implications 
for potential future work, as although the method for deriving the BHI is easy 
and time efficient, participants may not be willing to expose themselves 
even for small amounts of radiation. Therefore, methods such as bone 
ultrasound may be more suitable.  
The association of increased size over the growth period with larger adult 
size is in line with the LEM and RCH frameworks and could reflect 
increased ‘reserve capacity’ accumulated over the growth period. 
Individuals with greater size over the growth period were found taller and 
heavier at ages 64-76. However, some of this larger size was identified as 
increased fatness, which is associated with negative health outcomes and 
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mortality. Males in the present sample who were larger over the growth 
period had lower odds of survival. This is not hypothesised by the RCH. In 
terms of bone health, the positive association reported between the 
average childhood and the old age bone health is well-aligned with both the 
RCH and LEM frameworks. 
The strength of the work presented in this chapter lies in the follow-up data 
collected 50 years after the original longitudinal study (26% of potential 
participants). The main limitation was the limited sample size and possible 
selection bias, there might be living participants with worse outcomes (e.g. 
higher BMI or fatness) who did not choose to take part in the study or who 
could not be reached. The recruitment for the follow-up was very 
challenging as there had been no contact with the participants for nearly 50 
years. There was also little available contact information, or even details of 
current names, and many of the women had married and the name on their 
growth record did not match their current name. The restricted sample size 
is reflected in the limited statistical power of the analyses, which only 
reached over 80% for analyses with large effect sizes. It needs to be noted 
that the use of posthoc power calculations has been critiqued, as it can be 
argued that they do not provide additional information beyond the 
confidence intervals and p-values (Hoenig & Heisey, 2001).  
Future work will require additional resources and a team of investigators to 
recruit a larger sample with representation from the other SEP groups and 
from Maya participants. The present work idenfied increased later fatness 
in those with higher BMI over the growth period. This association may be 
stronger particularly in SEP 2 individuals who showed higher childhood BMI 
compared to SEP 1 across the study time period, and who may be at 
highest risk for obesity and associated negative health outcomes.  
 Chapter 7 
7 Within person instability in longitudinal 
childhood IQ scores and later life cognitive 
ability 
 
 Abstract 
Background: Childhood IQ is often used to predict old age outcomes in life 
course epidemiology. Most often only a single childhood IQ test is available 
or is used for these purposes in the belief that IQ is stable across the life 
course. The aim of this study was to quantify the consistency of childhood 
mental ability, measured by intelligent quotient (IQ) data, and their 
association with later life fluid intelligence scores. 
Methods: The longitudinal stability of IQ scores, from age-appropriate 
school-age tests from the Otis Self-administering Tests of Mental Ability and 
the Pintner General Ability Test series, of 42 high socioeconomic position 
Guatemalans born 1941-1953 was analysed by comparing means, ranges 
and standard deviations of the scores. The same participants, aged 64-76 
years, were re-assessed using the Spanish Word Accentuation Test 
(WAT), the WAT test Chicago version, the UK Biobank fluid intelligence 
test, and two dementia screening tools (MMSE, HVLT). The associations 
between pre-adult and old age scores were tested using Spearman rank 
correlations.  
Results: There was low stability in longitudinal test scores with fluctuations 
of >1 SD found for 59.5% of the sample. The average pre-adult IQ 
explained 12% (rho=0.348, p=0.024) of variance in the older age fluid 
intelligence score.  The sample had good cognitive health and did not show 
signs of dementia. 
Conclusions: The reasons behind the longitudinal instability in test scores 
remains unknown but the results suggest single point measurements of 
intelligence before adulthood should be regarded with some caution.  
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 Rationale 
Life course epidemiological studies of cognitive development and later life 
health have  reported an association between increased childhood general 
mental ability, often measured as Intelligence Quotient (IQ), and reduced 
risk of dementia and mortality (Batty, Deary, & Gottfredson, 2007; Batty, 
Mortensen, Andersen, & Osler, 2005; Deary, Whiteman, Starr, Whalley, & 
Fox, 2004; McGurn, Deary, & Starr, 2008; Starr et al., 2004; Whalley & 
Deary, 2001; Wrulich et al., 2013). Conceptually, these studies are well-
aligned with the life course epidemiological framework, as higher cognitive 
ability over the growth period was associated with reduced mortality and 
disease risk. In individuals who took part in the Scottish Mental Health 
Survey at age 11, one standard deviation lower IQ was associated with a 
relative survival of 79% (Deary et al., 2004). Similar work from the 
Luxemburg based MAGRIP study showed that higher childhood 
intelligence predicted a lower risk for mortality, even when childhood 
socioeconomic position was controlled for (Wrulich, Stadler, Brunner, 
Keller, & Martin, 2015).  
The studies connecting childhood or adolescent IQ to later life outcomes 
assume that there is relative stability in cognitive performance test scores 
over the developmental period, as often only a single, un-replicated IQ 
measurement is available or selected to represent early life general mental 
ability (Deary et al., 2004; Rönnlund, Sundström, & Nilsson, 2015; Schalke 
et al., 2013; Whalley & Deary, 2001). A systematic review identified a total 
of nine studies where IQ scores from childhood or early adulthood were 
investigated longitudinally in relation to later life mortality (Batty et al., 
2007). In all studies, higher IQ in the first two decades of life was related to 
lower rates of total mortality in middle to late adulthood (Batty et al., 2007). 
However, none of the studies had repeated childhood IQ measurements; 
instead, tests were administered only at a single time point, commonly 
around 11 or 12 years of age (Batty et al., 2007). Much literature supports 
such an approach, and shows evidence for longitudinal stability of IQ across 
the life course (Deary, 2014; Deary & Brett, 2015). Individuals appear to 
follow their own ‘tracks’ in terms of broad cognitive ability and are thought 
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to maintain their relative position in IQ to others during the age-related 
decline – individuals who scored highly compared to peers early in life seem 
to do so later on as well (McArdle et al., 2002).  
Other work has investigated stability of ‘absolute’ IQ scores – that is, 
repeated tests taken by an individual and reported high levels of fluctuation 
in scores, particularly during pre-adult years (Hutchens, 1991; Schuerger & 
Witt, 1989; Schwartz & Elonen, 1975; Sternberg, Grigorenko, & Bundy, 
2001). These studies highlight that ~60% of individuals, when tested 
repeatedly, show fluctuations of around 15 IQ points, and 9% show 
fluctuations of 30 points, that is one and two standard deviations, 
respectively (Hutchens, 1991). For these individuals, a single time-point 
measure might not accurately capture their overall cognitive ability. 
Possible reasons for the instability in IQ scores are adverse life events, 
larger than expected deviations of individual developmental level at the time 
of the testing and differences between the testing instruments (Hutchens, 
1991; Schuerger & Witt, 1989; Schwartz & Elonen, 1975; Sternberg et al., 
2001). Due to these fluctuations it is important to investigate whether a 
single timepoint measure of IQ in pre-adult years can be considered 
representative of childhood mental ability, and how this relates to old age 
scores. Repeated childhood and adolescent IQ scores, in combination with 
later life follow-up measures, are rare and come with high time and financial 
costs. Studies with individuals aged 60+ years are particularly rare, as the 
participants in most cohort studies have not yet reached this age. 
Although the  nature of IQ is debated (Sternberg & Grigorenko, 2002), it 
remains a widely used measure in life course and epidemiological research. 
The present work examined the repeated pre-adult IQ test scores of the 
UVG follow-up study individuals with the aim to quantify longitudinal 
changes and consistency of childhood mental ability, measured by IQ data, 
and later life fluid intelligence scores. This was done by 1) investigating 
whether IQ, as derived from age-appropriate standardized tests, remained 
stable across childhood and adolescence – i.e., within subject variance and 
range are smaller than between subject variance and range; 2) by 
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investigating to what extent older age cognitive function or IQ may be 
predicted from pre-adult IQ. 
 Data 
The childhood IQ test scores for the living follow-up study sample were 
extracted from the UVG Study database and saved. The sample for which 
these data were available is described Figure 7.1. in total, childhood data 
were available for N=42 individuals.   
 
Figure 7.1 Flow chart of cognitive data availability for the follow up sample 
(N=42). 
7.3.1 Cognitive tests 
The IQ testing instruments used in the UVG Study at the time when the 
follow-up participants were enlisted in the study is shown in Table 7.1 along 
with information on sample sizes, mean scores, the school years and the 
student ages for administration of each test used for this sample. Despite 
some differences in the tests, all are scholastic aptitude and performance 
tests developed in the early 20th century. At time of testing, it was 
considered important to use age-appropriate tests to measure mental ability 
in children. The analysis of results from these tests was designed to 
calculate a standardized score, that is an IQ score with a mean of 100 and 
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a standard deviation of 15. The IQ conversions from the raw test scores 
were done at time of testing by the UVG Study administrators.  
Detail on the precise cognitive abilities tested, such as estimated ‘g’ 
loadings, are not available for the tests, as some of the testing materials 
and related publications were not preserved after the end of the study in 
1999. A partial scanned copy of instruction manual for the Pintner General 
Ability Tests exists, and includes the following six testing categories: 
vocabulary, number sequence, analogies, opposites, logical selection and 
arithmetic reasoning (Pintner & Durost, 1941). These categories apply for 
the Pintner Cunningham A, Pintner-Durost A and Pintner General 
Intermedio tests – the main difference between these tests was in the age 
at which each was recommended for administration. IQ testing standards 
were less stringent in the past, and the booklet uses the terms ‘mental age’, 
‘IQ’, ‘intellectual ability’, ‘reading ability’, and ‘general ability’ without precise 
definitions, and at times interchangeably. Overall, there is a clear emphasis 
on verbal-reasoning type tasks. 
The Otis test sheets do not identify categories of abilities tested but includes 
questions on vocabulary, arithmetic reasoning, synonyms and logical 
selection. There are partial available test sheets for most of the tests, and 
these show that all included highly similar elements, such as identifying the 
category to which a word belongs and understanding the meaning of 
proverbs. The original purpose of these tests, as of all early IQ tests, was 
to measure aptitude for scholastic performance. Previous work on 
longitudinal stability of IQ scores has made use of data from very similar 
tests to the current study. The Moray House Test No. 12 used in the 
Scottish Mental Health Survey, for example, also has an emphasis on 
verbal-reasoning type tasks and was used for several later-life follow-up 
investigations (Deary & Brett, 2015). There were some missing data in 
individual time series, particularly from the early years of the study, and the 
number of available pre-adult IQ test scores varied between individuals.  
The follow-up data used for the present analyses included the results of the 
UK Biobank two-minute fluid intelligence test, the Spanish word 
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accentuation test (WAT) and the Spanish word accentuation test Chicago 
version (Krueger et al., 2006; Lyall et al., 2016; Ser et al., 1997). All these 
tests have been used to assess intelligence in middle-aged and older 
individuals (Gomar et al., 2011; Krueger et al., 2006; Lyall et al., 2016; Ser 
et al., 1997),  and were chosen as they are relatively rapid to administer. 
The UK Biobank fluid intelligence test includes 13 multiple choice questions 
assessing verbal and arithmetical deduction and has been validated in the 
UK for a middle-aged population (Lyall et al., 2016). No conversion table to 
IQ scores exists, and the test is different to that used in childhood. This is 
likely to reduce the correlation between the tests. The Spanish WAT and 
the Chicago WAT are essentially Spanish language versions of the National 
Adult Reading Test (NART), which has been extensively used to assess 
intelligence in older populations (Bright, Hale, Gooch, Myhill, & van der 
Linde, 2016). There are high reported correlations between the results of 
the NART and universal intelligence tests (Bright et al., 2016). The WAT 
tests have been used on smaller samples, and the authors of the Spanish 
WAT report a correlation of 0.84 between the test outcome and the 
Wechsler Adult Intelligence Scale (Ser et al., 1997).  
7.3.2 Dementia status 
In addition to the IQ test results, data on the dementia status of follow-up 
sample were included in the present analyses. The primary measure used 
was the Spanish language version of the Mini Mental State Exam (MMSE), 
which is widely used in clinical and research practice (Reyes De-Beaman 
et al., 2004). The clinical cut-off point is 24 points, below which further 
clinical assessments are recommended as there is high risk for dementia. 
In addition to the MMSE, data were collected on the Hopkins Verbal 
Learning Test (HVLT) (Hogervorst et al., 2002). The HVLT can identify pre-
dementia conditions and mild cognitive impairment (de Jager et al., 2009). 
The cut-off for the HVLT is 14.5 points (Hogervorst et al., 2002). It is 
expected that individuals may perform more poorly on the HVLT in 
comparison to the MMSE, even in the absence of dementia.  
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 Analysis 
Data were analysed with SPSS (IBM, 2015). Descriptive analyses were 
used to explore variance in raw pre-adult IQ test scores between and within 
individuals by calculating the total range and fluctuation observed in the 
sample as a whole, as well as in individuals’ scores. Spearman’s rank 
correlations were run between pre-adult test scores (from all tests) and age 
at time of testing to explore any consistent relationship between IQ score 
and participant age which may confound the results. Further Spearman’s 
rank correlations were run between pre-adult test scores and year of 
measurement to check for consistent bias in test administration year. 
Spearman’s rank was selected as it is considered a more robust tool when 
sample sizes are small. To explore differences in mean scores and score 
distribution between the IQ tests, a Tukey’s test was used. This test is 
recommended for pairwise comparisons in means. The cognitive tests used 
for the follow-up provided raw scores and there are no IQ conversions 
available currently. Therefore, to compare performance between the 
different tests, all scores were converted to Z-scores using sample standard 
deviations. The test data were normally distributed. 
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Name of test N Mean score 
(IQ points 
unless 
otherwise 
stated) 
Administered during Mean 
age at 
testing 
(y) 
Pintner 
Cunningham 
A1 
22 102.2 Preschool, 1st year of primary 
school 
6.7 
Pintner Durost 
A1 
29 100.9 2nd and 3rd year of primary 
school 
8.9 
Otis 
Intermedio1 
35 109.3 4th, 5th and 6th year of primary 
school, 1st and 2nd year of 
middle school 
11.4 
Pintner 
General 
Intermedio1 
28 108.7 5th and 6th year of primary 
school 
11.9 
Otis Superior1 34 106.9 3rd year of middle school, 1st 
and 2nd year of high school 
15.4 
Fluid 
intelligence 
test2 
42 4.3 out of 13 
points 
Follow up study (64-76 years 
old) 
69.2 
Spanish WAT3 42 26.9 out of 
30 points 
Follow up study (64-76 years 
old) 
69.2 
WAT-
Chicago3 
42 37.3 out of 
40 points 
Follow up study (64-76 years 
old) 
69.2 
Table 7.1 Names, sample sizes, means, school years, and ages of 
administration of each IQ test used for this sample. The protocol for 
the longitudinal study, particularly in the early years, saw changes 
from one year to the next. 
1Translated to Spanish at Colegio Americano and Universidad del Valle de 
Guatemala with permission from copyright holders, copyright to Spanish versions 
held at Centro de Investigaciones Educativas (UVG) 
2Lyall et al. (2016) 
3Spanish Word Accentuation Test (WAT) Del Ser et al., 1997; 2015; Krueger, 
2006 
 
To compare pre-adult scores with the later life tests, data needed to be 
reduced to one score per individual. Listed in Table 7.2 are the different 
rationales for choosing pre-adult test scores for their stability and predictive 
ability. A Spearman’s rank correlation matrix was used to assess which pre-
adult IQ score (first, last, maximum, and average of all available scores per 
individual) was most suited for further analysis for this sample. These were 
further correlated against the three older age measures. Following selection 
of a representative childhood IQ (see Results), the difference between best 
representative pre-adult and the older age Z-scores was calculated and the 
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individuals were categorised into Z-score gainers (increase of >1.0 SD), Z-
score maintainers (within -1.0 to +1.0 SD) and Z-score losers (decrease of 
>1.0 SD).  
 
Pre-adult 
standardized 
test score  
Rationale for Rationale against 
First No retesting effects. Age at first test varies greatly due 
to missing data and students 
entering the school (and thus the 
study) at different time points. 
Last Maximum learning, 
presumably greatest 
cognitive capacity. 
Age at last test varies greatly due 
to students leaving the school, 
missing testing events etc. There 
may not be a constant learning 
curve in the data 
Maximum Maximum achievement 
recorded for each 
student at any age; no 
missing data; least 
affected by poor 
motivation. 
Needs to be controlled for age, 
difficult to interpret. 
Average Captures all information 
available for an 
individual. 
Does not account for the variance 
in the range in scores between 
individuals, or in number of 
measures available per person. 
Select one 
age 
Age at testing 
automatically controlled 
for. 
Much missing data; would result in 
a greatly reduced sample and will 
thus be excluded from Table 7.5 
Table 7.2 Overview of the different rationales for choosing pre-adult 
test scores for their stability and predictive ability. 
 
 Results 
The mean pre-adult IQ score for all individuals meeting the selection criteria 
was 105.6 (n=359, SD=11.95), which was 0.35 points lower than that in the 
follow-up sample. The age range of the individuals in the follow-up sample 
and the total pool of eligible participants was the same. There were 17 
women and 25 men in the follow-up sample who had IQ measurements 
available of when they were between 4.97 and 18.75 years of age. 
7.5.1 Dementia status 
The sample characteristics in the two dementia screening tools are 
described in Table 7.3 and show that overall the sample had good cognitive 
Chapter 7: IQ stability 
 
 
164 
 
health. Out of the 42 follow-up participants who completed these 
assessments, no one scored below the MMSE cut-off of 24 points. These 
results indicate that follow-up participants did not show clinical signs of 
dementia, and it was concluded the IQ analyses did not need adjustment 
for dementia status. There were four individuals who scored below the cut-
off of 14.5 in the HVLT. These individuals may be showing early signs of 
cognitive decline not identifiable by the MMSE. Without a more in-depth 
specialist clinical assessment it is not feasible to confirm whether this is the 
case. It was concluded further analyses did not need adjustment for 
dementia status. 
Name of test Mean score SD Range 
Mini Mental State Exam 
(MMSE) 
28.5 1.6 24-30 
Hopkins Verbal Learning Test 
(HVLT) 
21.14 4.7 10-30 
Table 7.3 Sample characteristics for dementia screening tests, N=48. 
 
7.5.2 Childhood IQ tests 
Descriptive data on each childhood IQ test, mean scores and ages of 
participants are presented in Table 7.1. Neither age at testing nor year of 
measurement were associated to pre-adult IQ test scores (age: rho=0.12, 
p=0.15; year of measurement: rho=0.1, p=0.22). There were some 
differences in score distributions between the tests used (Figure 7.2), and 
most between-test correlations were low (Table 7.4). The range in mean 
outcome scores between tests was up to 8.4 points. The Pintner Durost A 
test significantly differed in mean from the Otis Intermedio (mean 
difference=-8.45, p=0.025). All other between test comparisons were non-
significant at p>0.05. 
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Figure 7.2 Pre-adult IQ test scores by test used. Box plot (median, 
quartiles, minimum, maximum) of IQ test scores by test used (Pinter 
Cunningham A (N=25), Pinter Durost A(N=30), Otis Intermedio 
(N=36), Pinter General Intermedio (N=29), Oti Superior (N=35). 
 IQ test Pintner 
Cunningham A 
Pintner 
Durost 
A 
Otis 
Intermedio 
Pintner 
General 
Intermedio 
1 Pintner 
Cunningham A 
 
 
 
   
2 Pintner-Durost 
A 
 
0.012 
0.968 
(N=13) 
   
3 Otis Intermedio 
 
 
0.128 
0.677 
(N=13) 
0.232 
0.387 
(N=16) 
  
4 Pintner General 
Intermedio 
 
0.232 
0.492 
(N=11) 
0.248 
0.292 
(N=20) 
0.265 
0.405 
(N=12) 
 
5 Otis Superior 
 
0.204 
0.485 
(N=14) 
0.491 
0.020 
(N=22) 
0.628 
0.003 
(N=20) 
0.316 
0.142 
(N=23) 
Table 7.4 Spearman's rank correlation matrix of pre-adult IQ tests 
(rho, p-value, sample size).  
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7.5.3 Fluctuations in childhood IQ 
The mean pre-adult IQ score, for all available datapoints, was 105.91 points 
(pre-adult IQ datapoints N=153, SD=11.18) and the range was 56 points 
(76-132). The sample mean range of fluctuation in pre-adult IQ scores was 
15.19 points (how much fluctuation individuals showed in their scores, on 
average), ranging from 0 to 40 points. In 59.5% of participants, the 
fluctuation in scores was 15 or more points, and in 7.1% more than 30 
points. The average standard deviation (SD) in pre-adult IQ scores within 
subjects was smaller than the SD of between subject IQ scores (SD=7.0 
vs. SD=11.18). However, in 16.6% of participants the within subject SD in 
the scores was larger than the SD 11.18 points found in the group (SD 
ranging from 11.24 to 13.84 points). IQ, as derived from age-appropriate 
standardized tests, does not show stability across childhood and 
adolescence in this sample. 
 
Figure 7.3 Pre-adult IQ scores by individual. Box plot of pre-adult IQ 
scores (median, quartiles, minimum, maximum) by individual (ID, 
N=42) ordered according to ranked IQ. 
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7.5.4 Childhood IQ and cognitive ability measures at 64-76 years 
The correlation matrix comparing ways of selecting a representative pre-
adult IQ score revealed much variation in the relationship each option had 
to the others, as well as with the later life outcome measures (Table 7.5; 
Figure 7.4). The Spanish WAT Z-scores and the Chicago WAT Z-scores 
applied at ages 64+ correlated with each other (rho=0.674, p<0.001) but 
did not correlate significantly with average pre-adult cognitive test Z-scores 
or the fluid intelligence test Z-scores (Table 4). The average pre-adult Z-
scores showed the highest correlations with other pre-adult scores and 
correlated significantly with the fluid intelligence Z-scores in later life 
(rho=0.348, p=0.024). We may interpret this to indicate that average IQ 
scores taken at different points over childhood are best in determining later 
life intelligence and that the fluid intelligence test was the most appropriate 
to asses later life IQ, but not reading tests.  However, only a modest amount 
of total variation in the old age scores (12%) was explained by the pre-adult 
scores in this sample. When the pre-adult Z-scores were compared with the 
results of the fluid intelligence test Z-scores, 62% maintained their Z-score 
category (change in Z-score of less than 1), 19% saw a decrease (decrease 
in Z-score of more than 1) and 19% saw an increase (increase in Z-score 
of more than 1). In summary, subjects’ older age cognitive function is 
related to pre-adult IQ (measured as IQ Z-score), but to a limited extent. 
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   Pre-adult Later Life 
   
Z-scores 
First Last Maximum Average Fluid 
Intelligence 
Spanish 
WAT 
Pre-
adult 
1 First       
 2 Last .493 
.001 
     
 3 Maximum .440 
.004 
.643 
.001 
    
 4 Average .795 
.001 
.808 
.001 
.726 
.001 
   
Later 
Life 
5 Fluid 
intelligence 
.089 
.576 
.486 
.001 
.270 
.083 
.348 
.024 
  
 6 Spanish 
WAT 
.105 
.507 
.127 
.422 
.106 
.503 
.161 
.309 
.186 
.238 
 
 7 WAT-
Chicago 
-.106 
.503 
.074 
.641 
.037 
.816 
-.031 
.844 
.140 
.377 
.674 
.001 
Table 7.5 Spearman's rank correlation matrix of pre-adult IQ scores 
(N=42, rho, p-value) and later life cognitive test Z-scores (N=42).  
 
 
Figure 7.4 IQ Z-scores across the life course. IQ Z-scores by age, each 
line represents an individual. Data to age 17 years comes from the five 
cognitive tests administered as part of the UVG longitudinal study. 
Older age data come from the two-minute fluid intelligence test. Raw 
scores were converted to Z-scores using the sample standard 
deviations. 
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 Interpretation 
The key findings of this study were that there is large intraindividual 
variability in the IQ test scores of these Guatemalan high SEP individuals. 
The within individual distribution of IQ test scores varied greatly between 
participants, and the pre-adult IQ test scores were only modestly correlated 
with older age fluid intelligence test scores. For longitudinal use of these 
data the results pose a challenge, as there are multiple ways in which the 
information collected over the participants’ growth period could be used in 
analyses. On balance, it was decided that the average pre-adult IQ test 
score best represented the individuals’ IQ before adulthood as it captured 
variation of all the pre-adult scores.  
 
The performance for the Spanish WAT and the Chicago WAT applied at 
ages 64+ were not related to either the pre-adult IQ or the fluid intelligence 
test scores, suggesting that the WAT tests are not measuring the same 
aspects of intelligence as the other tests. There was only a moderate 
correlation between average pre-adult IQ scores and the fluid intelligence 
test scores. The results imply that outcomes of one-off IQ tests taken before 
adulthood should be interpreted with caution, as individual variations in 
scores from year to year are likely to be high, at least in this study sample. 
As there has only been one follow-up testing event in old age, the results 
of the fluid intelligence test should be regarded with the same caution. 
There were no signs of clinical dementia in the sample, which leaves us to 
conclude that the discrepancy between childhood and old age test 
outcomes is not due to the influence of differential neurodegeneration rather 
than normal intraindividual variation in cognitive test performance. 
 
The within individual longitudinal stability in pre-adult IQ test scores 
presented here is similar to values reported by previous, albeit scarce work 
on the topic. Fluctuations in general IQ in six to 18-year-olds have been 
reported to be more than 15 points in 58% of participants, and more than 
30 points in 9% of participants in the Berkeley Guidance Study of 222 
children born 1928-1929 (Honzik et al., 1948). Similarly, Hutchens found 
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that over 60% of her 113 participants had an IQ score fluctuation of at least 
one standard deviation in repeated testing events (Hutchens, 1991). Both 
results are within three percent of the fluctuation found in the Guatemalan 
sample. Research reporting repeated cognitive test scores for children 
tends to cite between-test correlations to highlight good concurrence 
between the testing events (Bartels, Rietveld, Van Baal, & Boomsma, 2002; 
Schaefer et al., 2016; Wilson, 1978). In a Dutch twin study which used IQ 
test scores from ages 5, 7, 10 and 12 years, correlations of 0.64 to 0.78 
between testing events were reported, but the study did not describe the 
range of variation found within individuals’ scores (Bartels et al., 2002). 
Schaefer and colleagues used an average IQ score in their study but did 
not provide a rationale for their choice or any detail of the variation found in 
the scores of their sample (Schaefer et al., 2016).  
 
Participants differed in the progression of their IQ test scores. There were 
individuals in the group who very consistently achieved the same score year 
after year, whilst at the other end of the spectrum one individual’s fluctuation 
in scores was 40 points. In the Berkeley Guidance Study, it was reported 
that children whose mental test scores showed the most fluctuation often 
had life histories which showed unusual variations with respect to 
distressing factors, but there were other children whose scores remained 
constant despite upsetting experiences, such as conflict within the family 
(Honzik et al., 1948). As data on parental and other family relationships or 
traumatic events were not collected in the UVG Longitudinal Study, it is not 
feasible to do a similar comparison in the present study. The wider socio-
political context in Guatemala may have played a role. The present sample 
grew up in Central America and had exposure to the Guatemalan civil war 
(1954-1996), violence, high crime rates, great political and social instability 
and very serious natural disasters during their youth (Bogin & MacVean, 
1983; Lovell, 2010; Tomuschat et al., 1999). Such events could have added 
variation to the test scores if a child was personally affected.  
 
The IQ scores did not significantly correlate with age, implying there is no 
straightforward developmental cause behind the findings (the reference 
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sample used to age-standardise the IQ test scores is not the present study 
sample, but that used by test manufacturers).  The age-standardisations of 
IQ tests reflect a population average, and there may be individuals whose 
scores are related to a poorly matched age for developmental level. Many 
children mature earlier or later than the mean and thus at different stages 
of development may have a better or worse ‘fit’ with the test used in any 
given year. Mistakes may have been made in the data digitisation process 
as the results were copied from paper records. There was no significant 
correlation between the year the test was administered and the scores, 
implying that the results are not explained by any consistent error in test 
scoring between years. Several different tests were used from the Otis and 
the Pintner test series which may have added to the variation found.  
 
The strength of the current study is the comprehensive assessment of 
responders and their repeated measures over childhood and later life. The 
obvious limitation is the small study sample, which we hope to expand in 
the future. Many studies with older participants will only be able to select 
sub-groups of the original sample with attrition due to mortality, moving 
away, unable to attend etc. This was the case with the present study as 
after 50 years recruitment to the follow-up study posed great challenges. In 
future, there is scope to explore how the association with adulthood IQ, 
based on one childhood test, compares against the association based on 
childhood mean across multiple tests using the full UVG Study database. 
The IQ data also provide opportunities for growth modelling of IQ. 
Longitudinal stability in the scores of all 40 000+ participants could be 
investigated, along with associations with physical growth.  
 
The degree of stability and variability reported here was low in youth, but in 
terms of earlier vs. later scores, fits well with existing evidence on life course 
trajectories of IQ. It is expected that there is stability in scores relative to 
peers through life, and we found that 62% of our sample had good tracking 
of IQ scores (within -1.0 to +1.0 Z-scores). It is possible that the 19% of 
individuals who performed worse in relation to the rest of the sample in old 
age compared to pre-adult may have experienced events over their life 
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course which had a cognitive or physical toll. Factors related to cognitive 
performance in old age include social support and networks, good nutrition 
and physical and cognitive exercise, as well as risk and protective factors 
shared with cardiovascular disease (Hogervorst & Clifford, 2013; 
Hogervorst, Clifford, Stock, Xin, & Bandelow, 2012; Nisbett et al., 2012; 
Seeman, Lusignolo, Albert, & Berkman, 2001). These same factors may 
also explain why 19% increased their Z-score. Future research may clarify 
the extent to which these factors explain the variance in cognitive fluctuation 
over the lifespan. 
 
Childhood cognitive ability can be thought of as ‘cognitive reserve’ following 
the LEM and RCH frameworks. The present study showed high instability 
in this measure, which means it is unclear how the results fit within the 
frameworks. Average childhood IQ, which could be assumed to represent 
a summary measure of childhood ‘cognitive reserve’ was only modestly 
associated with later life fluid intelligence. The present sample did not show 
signs of cognitive decline, measured by the MMSE, and therefore it is not 
possible to discuss the extent to which higher childhood cognitive ability (or 
reserve) might be associated with later decline in cognitive function. 
 
Overall, the results presented here highlight the complicated nature of 
measuring and interpreting IQ at different ages, and the many factors that 
can introduce variation in the results. Over half of the participants of the 
present study showed variation of more than one standard deviation 
between testing sessions in pre-adult years. Based on the results from this 
Guatemalan sample, some caution may be warranted against the practice 
of using a single score to represent pre-adult IQ, as most of the participants 
had different results from one year to the next. This limitation should be 
highlighted in future studies using only one IQ assessment. The observed 
variation could yield interesting lines of further research investigating what 
separates a child who scores consistently year after year from one who 
does not. Many intelligence tests have remained relatively unchanged for 
the last 100 years, despite great improvements in the knowledge and 
understanding of the function of the human brain (Naglieri & Das, 2002). 
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Future research could be aimed at searching for psychometric instruments 
which better assess cognitive abilities and their development variation 
when individuals are tested repeatedly.  
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8 Discussion 
Empirical life course analyses often take place in high-income countries in 
Europe and North America, and considerably less work investigates life 
course associations in low and middle-income countries (Clouston et al., 
2013; Kuh et al., 2006). The present work aimed to examine variation in, 
and the consequences of, physical growth and cognitive development of 
Guatemalans. The following objectives were identified: to statistically model 
and describe the physical growth of the UVG Study population in height, 
weight, BMI and hand grip strength; to document socioeconomic 
inequalities and secular changes in human growth patterns in the UVG 
Study sample; to examine the relationship of growth with survival and 
physical outcomes in old age in a follow-up sample and to quantify the 
consistency of childhood mental ability, measured by intelligent quotient (IQ) 
data, and their association with later life fluid intelligence scores. 
 
 Key findings 
The key findings of this thesis are:  
• Compared to other populations, the UVG sample as a whole, did not 
have delayed maturity, measured by age at peak height velocity, and 
shared a similar timing of growth with present day healthy US 
adolescents, and short indigenous Bolivian adolescents. Girls 
reached age at peak velocity earlier than boys in all growth 
parameters.  
• While socioeconomic inequalities in physical growth have decreased 
overall in Guatemala, inequalities between the SEP groups 
remained high with the richest on average over 1 SD ahead of the 
poorest in height, weight and grip strength in 1990.   
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• The follow-up study found that individuals who were taller, heavier 
and had a higher BMI, had higher BMI and estimated body fat at 64-
76 years. Similarly, those who grew slower in height but faster in 
weight and BMI before age 20 years, had higher BMI and body fat 
later in life. Higher BMI in boys was further associated with lower 
odds of survival to age 64.  
• In terms of cognitive ability, this study reported high intra-subject 
variability in IQ test scores and that within subject distribution of IQ 
test scores varied greatly between individuals. The pre-adult IQ test 
Z-scores were only modestly related to older age fluid intelligence 
test Z-scores. The follow-up sample did not show signs of dementia. 
 
 Relevance of the study 
The country level under five years of age stunting rate has been estimated 
to be as high as 48% in Guatemala (World Bank, 2018c), and cross-
sectional national statistics report high rates of growth faltering for both 
urban and rural children, particularly of the lowest income quintile 
(MSPAS/INE/ICF, 2017). This suggests that despite the improvements in 
the heights of the lower SEP children and adolescents observed in the 
present study between the 1960s and the 1990s, the problem of short 
stature in Guatemala has not been resolved. This is worrying as individuals 
of short stature will continue to be at increased risk for many later life 
negative health outcomes (although protective against others, as tall height 
is associated with increased risk of some cancers) (NCD-RisC, 2016).  
 
The growth inequality, reported both by the present study and the more 
recent national data, is likely to reflect the living environment of 
underprivileged Guatemalans over the last decades (Cabrera et al., 2015). 
The government of Guatemala invests very little in education and health 
care by international comparison (Cabrera et al., 2015; Entremundos, 
2018). There is a lack of opportunities for young people across the country, 
which has led to increases in gang violence (Brands, 2011). The Maya of 
Guatemala in particular continue to be a marginalised group in terms of 
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access to power and resources (Lovell, 2010), despite representing 
approximately half of the Guatemalan population. The 2015 DHS survey 
reported that 40% of women in the lowest income quintile, many of whom 
are rural Maya do not finish primary education. High rates of adolescent 
marriages add to this picture, approximately 14% of Guatemalan women 
are married between ages 15-19, and 16% have given birth 
(MSPAS/INE/ICF, 2017). Early maternal age has been associated with 
poorer growth outcomes in the offspring and negative later life health in 
both high- and low-income countries, and in the case of teenage 
pregnancies, can interrupt the growth of the mothers themselves (Fall et al., 
2015; Pirkle, De Albuquerque Sousa, Alvarado, & Zunzunegui, 2014; Scholl 
& Hediger, 1993). In the present study, the Maya children and adolescents 
were the shortest, lightest and had the lowest grip strength of all the SEP 
groups investigated, and also showed the latest age at peak growth velocity 
which is associated with poor nutritional environment over growth (Cole, 
2003; Delemarre-van de Waal, 1993; Tanner, 1981). The individuals in the 
lowest Guatemalan income quintile who do not receive any formal 
education (and therefore could not be participants in the UVG Study), can 
be presumed to have even worse growth outcomes. The health and growth 
of this part of the population needs further focus by researchers. 
 
It has been argued, that one way of characterising a ‘good society’ is by 
high degree of health equity (Marmot, 2017). For several decades, 
evidence from both economics and the medical sciences has highlighted 
the detrimental effects of increasing income inequality for population health 
and well-being, labelled “social deteminants of health” by the World Health 
Organisation (WHO, 2011b). Research into the effects of income inequality 
on health remains a controversial field of study, however, if inequality is 
accepted as a key determinant of health outcomes there are potential 
implications for Guatemala. A substantial decrease in inequality in the 
country could lead to taller average heights, as globally, lower inequality is 
associated with taller average heights globally (Bogin et al., 2017; 
Grasgruber, Sebera, Hrazdíra, Cacek, & Kalina, 2016). This assumption is 
further supported by evidence from many high-income countries with more 
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equal income distributions, where current height inequalities are very small, 
and where stunting and wasting have been all but eradicated (NCD-RisC, 
2016, 2017). 
 
Country level obesity rates have increased in all age groups and for both 
sexes in Guatemala (Marini & Gragnolati, 2003; MSPAS/INE/ICF, 2017). 
The relevance of the present study findings with reference to childhood and 
adolescent weight and BMI gain is two-fold. First, the reported secular 
changes in BMI varied between the SEP groups. The wealthier individuals 
were rapidly increasing in BMI but not grip strength, which as discussed, is 
likely to reflect lower lean-to-fat mass ratios. This part of the population in 
particular may be at risk of overweight, obesity and associated negative 
health outcomes, all of which are currently increasing in incidence for adult 
Guatemalans (Ramirez-Zea et al., 2014; Rivera-Andrade et al., 2018).  
 
Second, the results of the present study showed that the lower SEP had 
high BMI growth intensity, above that of SEP 1. Some of their secular BMI 
increase may be explained by increases in the overall size of low SEP 
individuals, including lean mass (as indicated by the strong positive secular 
trend in grip strength), but whether this continues today, 20 years after the 
end of the study, is unclear. Recent work from Guatemala’s second largest 
city, Quetzaltenango, suggests that overweight, obesity and stunting have 
a high prevalence in urban school children (10.9% of girls, and 10.1% of 
boys of low SEP are overweight, and over 25% are stunted) (Groeneveld, 
Solomons, & Doak, 2007), and similar findings have also been reported for 
neighbouring Mexico, for individuals who have very similar language, 
cultural and ethnic backgrounds (Varela-Silva et al., 2012). The secular 
trends reported for child and adolescent weight and BMI gain in the present 
study may have intensified over the last few decades leaving Guatemalans 
across SEP groups at increasing risk of obesity, and related negative health 
outcomes. 
 
The findings of the follow-up study give some support for this conclusion, 
as the sample changed from ‘healthy’ BMI (and height) children and 
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adolescents, to on average, overweight older adults over the course of their 
lifetime. The  sample was born in the post-WWII years when the economy 
of Guatemala started to grow rapidly (Trading Economics, 2018), but before 
the arrival of multinational food corporations. Their current living 
environment, on the other hand, has been described as increasingly 
obesogenic (Ramirez-Zea et al., 2014). This change in the nutritional 
environment over time may explain the change in the weight status between 
childhood and later life in the follow-up sample.  
 
Taken together, the findings of this study, and the more recent national 
statistics have highlighted two concurrent health issues facing the 
Guatemalan population: growth faltering for underprivileged Guatemalan 
children, and an increased risk for obesity and associated negative 
outcomes across the life course for individuals of all socioeconomic 
positions. 
 
  Practical implications 
This section details four practical implications of the present study. The first 
three describe how the study findings could be used to reduce inequalities 
in growth and the consequences of these inequalities for later life health. 
The final implication relates to how the findings of the chapter on cognitive 
ability could be used to improve research practice when assessing 
childhood and adolescent intelligence. 
 
The first implication of this thesis is that if the secular increases in heights 
of the lowest SEP in Guatemala City continued after the UVG Study at the 
same rate, the gap between the richest and poorest children would currently 
be around 1 SD in height (calculated with the effect estimate of 0.2 SD 
increase per decade of birth). International and national organisations 
working in the field of public health, child growth, or development in 
Guatemala, should pay particular attention to the socioeconomic position 
of the individuals and groups with whom they operate, and aim to alleviate 
socioeconomic inequalities in access to services and resources that could 
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reduce growth inequalities. Despite access to schooling, the lower SEP 
showed poorer growth outcomes which implies that access to education by 
itself is not sufficient to combat growth inequalities. The school 
environments between the different institutions are highly variable, as is 
access to school meals, for instance. In some of the lower SEP schools, no 
food was provided, in contrast the American School offered a balanced 
lunch at a cost that was achievable for the pupils. During the follow-up study, 
visits were made to modern day schools in and around Guatemala City, 
and the problems regarding school lunch programs persist. In some schools, 
the children receive one cup of ‘atole’, a vitamin supplemented corn milk. 
This is the sole meal of the day for some pupils. The challenge for 
Guatemalan decision makers is to ensure that in addition to education, 
access to sufficient nutrition is available to children across the SEP groups. 
 
A possible framework that could be adopted in Guatemala is one suggested 
by Marmot and colleagues from the UCL Institute of Health Equity. Together 
with the Pan American Health Organization (PAHO), the researchers 
published a report in 2016 to propose ways to improve inequalities in health 
outcomes of the people in the Americas (PAHO, 2016). There are 12 
recommendations that could be taken by local governments, including: 
achieving equity in political, social, cultural, and economic structures, 
reversing the health equity impacts of on-going colonialism and structural 
racism, equity from the start of life, dignified life at older ages, and income 
and social protection (PAHO, 2016). Each recommendation is supported by 
scientific evidence of interventions and other programs that have worked in 
other countries. Guatemala stands out in the report as a country that falls 
behind most in the region on the majority of the measures, including life 
expectancy at birth, under 5 mortality of indigenous populations, and 
coverage of social security programs. Much variation in health-related 
measures is found between countries that are included in the broader 
classification of ‘middle-income’ country, which indicates that in terms of 
public health research, classifications based on country level health equity 
may be more useful. The findings of the present study are well-aligned with 
the report, as the present study suggests there is a strong social gradient 
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in all growth measures in Guatemala. Thus, unless the issues related to the 
poor representation of lower SEP individuals in Guatemalan decision 
making and access to education and health care are addressed, it is 
unlikely that the inequalities in growth and health will reduce further.  
 
The second implication of this thesis is that based on the results of the 
current study, all SEP groups are likely to be at risk of increased BMI 
(intensity) over the growth period. Policy to target the increased childhood 
and adolescent BMI and obesity should be aimed at the whole population 
level. These may include similar interventions that have been targeted at 
the populations of high-income countries, including nutrition, diet and 
physical activity related advice and support. What separates Guatemala, 
and other low- to middle-income countries is the population’s access to 
‘healthy’ lifestyles. Public sporting venues may not be safe for women and 
children in poor urban areas with high rates of violence, and nutritionally 
balanced diets can be expensive. Most of Guatemala’s agricultural produce 
is exported to other countries, and supermarkets sell imported, and 
expensive, foods (Carter, Barham, & Mesbah, 1996). There is evidence 
from the US and France that the lower SEP groups do not have equal 
access to the recommended food stuffs and healthy behaviours 
(Drewnowski et al., 2014). In Guatemala, following the global increase in 
food prices in late-2008, a balanced diet supplying daily micronutrient 
needs in Guatemala City cost nearly twice as much as a staple-only diet, 
making healthy eating difficult for poor residents (Cohen & Garrett, 2010). 
Thus, any program encouraging healthy lifestyles in Guatemala needs to 
consider the very limited resources available to a large part of the 
population. At the national level, addressing the equity issues highlighted 
by the PAHO may also increase the opportunities of lower SEP individuals 
to participate in healthy behaviours. 
 
The third implication of this thesis is that based on the results of the follow-
up study, older cohorts in Guatemala can be at risk of overweight and 
obesity even if they did not experience an obesogenic growth environment. 
Global guidelines for the amount of physical exercise recommened for older 
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adults have been published by the WHO and include at least 150 minutes 
of moderate-intensity aerobic physical activity throughout the week or at 
least 75 minutes of vigorous-intensity aerobic physical activity (WHO, 
2011a). Research has shown that the age-related decline for instance in 
bone, muscle and cognitive function can be slowed down by increased 
physical activity and decreased sedentary time (Beaudart et al., 2017; 
Hogervorst et al., 2012). The follow-up participants do have the resources 
available to them to partake in physical activity and eat high-quality diets 
and could be argued to have more opportunities to improve their health 
status compared to the rest of the study population. 
 
Finally, the fourth implication of this study is that the results presented in 
the chapter on cognition have potential practical importance, as the 
observed patterns in the repeated IQ tests raised the problem of how to 
treat and assess childhood cognitive measurements in the presence of high 
intraindividual variation. Further research with different samples is needed 
to confirm the findings but overall, the results highlighted the complicated 
nature of measuring and interpreting IQ at different ages, and the many 
factors that can introduce variation in the results. Importantly, this topic 
could yield very interesting lines of further research if further follow-ups with 
the UVG Study sample are conducted. We do not know why some 
individuals show remarkable consistency in their IQ scores, independent of 
test used or age at testing, whilst others have large fluctuations. There are 
studies suggesting that higher educational level is associated with higher 
stability in cognitive test performance over time for episodic memory 
(Josefsson, de Luna, Pudas, Nilsson, & Nyberg, 2012), and this could be 
the case for IQ test performance as well. 
 
8.3.1 Theoretical implications 
The work for this thesis was underpinned by two theoretical frameworks, 
the Life Course Epidemiological Model (LEM) and the Reserve Capacity 
Hypothesis (RCH). Both postulate that early life environmental conditions 
are associated with later life health and ageing, whereby individuals who 
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had an advantageous or more optimal growth environment will experience 
lower risk of age-related disease and better health in later life. The results 
of the fifth chapter are well-aligned with the models, as those with increased 
access to resources (higher SEP) were taller, heavier and stronger. There 
were both positive and negative associations between physical outcomes 
measured at 64-76 years, and increased childhood size or faster/slower 
growth intensity as those who grew slower in height but faster in weight and 
BMI before age 20 years had higher BMI and body fat later on. To assess 
how these findings fit within the theoretical frameworks of the LEM and RCH, 
clarification is required on the hypothesised role of different reserve 
capacity measures. Specific definitions of ‘high’ or ‘desirable’ reserve 
capacity for different bodily systems and anthropometric measures may be 
needed. As it stands, the RCH does not make a distinction between reserve 
capacity in fat versus fat free mass, although these two components of body 
weight relate to later disease risk and health status differently. The 
evolutionary underpinnings of the accumulation of high fat or high fat free 
mass in humans may similarly differ, and thus future theoretical work could 
focus on assessing the potential environmental pressures which have led 
to the currently observed pattern of ‘over fat’ in some populations. Existing 
life course work from the European cohort studies has highlighted that for 
many exposures (including BMI) there is a U-shaped association with 
negative health in later life (Delisle, 2008; Llewellyn et al., 2016), which 
implies that there is an optimal reserve associated with better health. A 
similar relationship may exist for timing of growth, where both too early 
(precocious) and delayed maturity are associated with negative later life 
health outcomes (Patton & Viner, 2007).  
 
In terms of the cognitive chapter, it is unclear how the results presented fit 
within the frameworks due to the high instability found in childhood IQ. 
Average childhood IQ was only modestly associated with later life fluid 
intelligence. As the present sample did not show signs of cognitive decline 
it is not possible to discuss the extent to which higher childhood cognitive 
ability might be associated with later decline in cognitive function. Further, 
individual specific coping and risk mediation strategies would need to be 
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evaluated and controlled for in research, these include individual 
differences in psychological, emotional and social factors related to 
personality, which may increase an individual’s later life health independent 
of life time risk factor exposure. This may require more qualitative work with 
study individuals as ‘resilience’ has been shown to be very difficult to 
quantify (Wiles, Wild, Kerse, & Allen, 2012). The cultural context of the 
sample needs to be also considered, as what constitutes a coping or risk 
mediation strategy may differ between populations.  
 
 Strengths 
The work carried out for this thesis had several strengths, including the 
large database of Guatemalan growth data spanning 46 years. Guatemala, 
like most low- to middle-income countries is under-represented in 
epidemiological research. This study both summarised the growth of 
Guatemalan children from 1960s to 1990s and presented the results of an 
initial follow-up study. The data on growth were analysed using a statistical 
tool that incorporates information on timing and intensity of growth. This 
allowed for a more in-depth investigation of the patterns of growth in the 
sample, as in addition to overall size, individuals and groups were shown 
to vary in the timing of peak growth velocity and in peak velocity. The data 
span the entire SEP range of Guatemala and represent individuals of both 
Ladino and Maya ethnicity.   
 
A further strength of this work is the unique set of follow-up data collected 
50 years after the original study. Follow-up studies spanning this time range 
are extremely rare, and the present work is one of a handful of longitudinal 
studies that spans most of the life course (e.g. the MRC National Survey of 
Health and Development, the Fels Longitudinal Study, the Lothian Birth 
Cohort Study). Although not a full-scale follow-up, the present work 
demonstrates feasibility and can be taken as a proof of concept for 
collecting further follow-up data in the Guatemalan setting. In terms of the 
cognitive data, the strength of the current study is the in-depth assessment 
of the responders and the availability of repeated IQ measures over 
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childhood and later life, showing large variability in patterns both between 
but also within subjects. 
 
 Limitations 
The main limitation of the present work relates to the small size of the follow-
up study, the results of which cannot be interpreted the same way in terms 
of statistical power, generalisability, potential selection bias, as those that 
used the full UVG study population. Recruitment for the follow-up was very 
challenging as there had been no contact with the participants for nearly 50 
years. It is likely there that individuals who agreed to the follow-up felt 
confident enough about their current health and situation not to be deterred 
by the idea of physical and cognitive measurements. This may have led to 
a sample that was biased towards healthier individuals. The issue of what 
to do when people do not want to participate in testing again can threaten 
the validity of information on longitudinal changes in any group or cohort 
(McArdle, 2010). Amongst the follow-up study sample in the present study, 
there was a level of distrust and suspicion towards science, which was 
openly expressed by participants. This project relied heavily on snowball 
sampling, whereby participants would tell their friends and relatives who fit 
the selection criteria about the study and share their contact information. 
Building a trusting and confidential atmosphere and recruitment practice 
was important. Individuals in the group were often well protected and could 
only be contacted via secretaries and other gatekeepers. There were many 
who themselves, or their loved ones, had been kidnapped, targeted for 
armed robberies, shot at and physically assaulted. The following are three 
quotes, which were written down after data collection sessions: 
 
“They were stopped by armed men and [partner] was shot through both 
thighs and left on the side of the road.” 
 
“[Participant] had been kidnapped twice for ransom. One event lasted 28 
days in mostly solitary confinement.” 
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“[Participant’s] daughter had experienced a ‘mini-kidnapping’ [when asked 
what constitutes a ‘mini-kidnapping’ participant responded: “You know, 
short in duration”] 
 
There was also no available contact information, or even details of current 
names for many former students, and many of the women had married and 
the name on their growth record did not match their current name. The 
follow-up data were collected only by the author without dedicated funding 
for recruitment. Despite these limitations, the follow-up sample has 
demonstrated associations worthy of future study. Future work will require 
additional resources and a team of investigators to recruit a larger sample 
with representation from the lower SEP groups and from Maya participants. 
 
A further limitation of this work is that estimates of body fat were not 
included in the growth analyses, and BMI was used as the sole indicator of 
overweight and obesity during growth. Skinfold data are not available for 
the entire UVG study population as it was routinely collected only from year 
1979 for all study schools. This means that there is no childhood skinfold 
data available for the follow-up study participants. Work on the suitability of 
BMI to capture adiposity in children has been studied extensively, and 
overall, there is agreement between BMI and body fat estimates (Pietrobelli 
et al., 1998; Sarría et al., 1998). A comparison of 13 studies described 
correlations between BMI and body composition components and skinfold 
thickness in children as ‘strong’, with correlation coefficients ranging 
between 0.68 and 0.85 (Pietrobelli et al., 1998). However, there has been 
criticism of this practice, because percentage body fat is not independent 
of the amount of fat-free mass, which means that the normalization of fat 
mass in terms of body mass provides only a crude method of comparing 
fatness between individuals at a given time point, and within individuals 
over time (Wells, 2000). Further, any given BMI can include a wide range 
in fatness, and the studies reporting high correlations include extreme 
ranges of both measures (Wells, 2000). BMI in lean children and 
adolescents has been reported to be more strongly associated with fat free 
mass than with fat mass, and therefore overestimates the fat mass of lean 
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children if taken as an adiposity measure (Wilkes et al., 2018). Some report 
that BMI is more reflective of body fat in girls than boys (Srdić, Obradović, 
Dimitrić, Stokić, & Babović, 2012). Finally, there are known ethnic 
differences in the association between BMI and body fat (Lear et al., 2007). 
If there are differences in this relationship between the Maya and the Ladino, 
this would impact the interpretation of the current study findings. BMI has 
been found to be a good indicator of body fat in (stunted) Maya children 
from Mexico (Wilson et al., 2011), but no work has compared whether the 
relationship between BMI and body fat is the same between the Maya and 
Ladinos.  
 
The data analysed in the present study only encompassed urban and semi-
urban Guatemalans, which means that inequalities in the growth patterns 
of the rural population of Guatemala could not be assessed. The INCAP 
study had a focus on rural Eastern Guatemala and reported high levels of 
growth faltering in height, retarded bone maturation, and poor quality of 
nutrition (Martorell, 2010). The INCAP Study population were all of Ladino 
ethnicity, which means that the growth and later life health of rural Maya is 
currently less well understood. Many small-scale studies have investigated 
individual communities in the Western highlands (e.g. Solomons et al., 
2015), but these tend to be short in duration and have very limited sample 
numbers. In general, the health, educational level and earnings of the urban 
population are higher than in more rural areas, some of which are very 
difficult to access and at higher risk of natural disasters (Cabrera et al., 
2015). The possible effects of migration from rural to urban areas could not 
be assessed in the present study due to lack of information on the study 
individuals’ background – during the more intense years of the internal 
conflict both rural Maya and Ladinos are known to have escaped to the city 
in large numbers (Morrison, 1993). School-aged children of these migrants 
could have become participants in the study, which could have influenced 
the socioeconomic composition of the study schools, at least periodically.  
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 Local impact 
There is an increasing focus on outreach and impact in scientific work. Over 
the course of the present study many Guatemalan colleagues expressed 
interest in the project, and particularly, in what happens with the findings 
after the study is finished. There is concern in Guatemala that foreign 
researchers enter the country solely for the purpose of data collection and 
the potential benefits of research on local communities and local 
universities are not considered. Further, research carried out on 
Guatemalan samples is most often published in English, which makes 
many study findings inaccessible to most of the Guatemalan population. 
The results of the present study have been shared with the follow-up 
participants in form of a study summary leaflet, and there are plans to 
communicate further findings, after publication, to colleagues at the UVG. 
This may be in form of workshops or presentations by local co-authors of 
the study publications. There are some ethical dilemmas related to the 
sharing of the study findings, mainly, that the follow-up sample, who 
represent the very highest SEP in the country, are a well-connected and 
powerful group. Many of the follow-up participants have direct influence on 
Guatemalan politics, wages, access to healthcare and the development of 
infrastructure. Some of the study findings, particularly those related to the 
worse growth status of lower SEP individuals, may be in conflict with the 
participants understanding of the world and their own financial interest. The 
implication of this for continued research collaborations in Guatemala 
needs to be carefully evaluated, and the perspective of the different local 
stakeholders needs to be considered. 
 
  Future directions 
The present work has highlighted several lines of possible future enquiry. 
First, the suitability of using BMI as a measure of adiposity in the UVG Study 
could be explored for the sample skinfold data are available. Subscapular 
and triceps skinfold measurements were taken at all study schools between 
1979 and 1999. These could be used to estimate body fat. The body fat 
estimations could be used in a sensitivity analysis to examine the extent to 
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which those with higher BMI have higher body fat, as well as differences in 
the BMI body fat association between Maya and Ladino participants. The 
proportion of the sample for whom BMI does not reflect fatness could be 
assessed. It is expected that at the lower end of the BMI distribution fatness 
may be more independent of BMI (Wilkes et al., 2018).  
 
To compare patterns in secular trends globally, future work could combine 
the UVG data with datasets from other countries. Currently, this type of 
work has been published for instance by the NCD-Risk collaboration, which 
focuses on global comparisons, for instance, in height, weight, BMI and 
associated non-communicable disease risk (NCD-RisC, 2019). The data 
used in these studies is cross-sectional. The reports do not investigate how 
the countries compare in terms of within population differences in the 
measures (e.g. are inequalities in growth similar between countries with the 
same average height). Many longitudinal studies include information on 
participant’s socioeconomic position, which means the investigations could 
be expanded to compare differences in SEP inequalities. There is a 
reported association between both the Gini Index, and the Human 
Development Index, and the average male height of a country, whereby low 
income inequality is associated with taller average height (Bogin et al., 2017; 
Grasgruber, Sebera, Hrazdíra, Cacek, & Kalina, 2016). Secular trends in 
this pattern could be explored to identify changes in environmental 
conditions which result in smaller inequalities in growth parameters. 
Considering the devastating health consequences of the obesity epidemic, 
it would be of particular interest to identify in what contexts do inequalities 
in obesity emerge. In the UK, research has found that weight and BMI 
disparities widened particularly in a cohort born in 2001 (Bann et al., 2018), 
but patterns may differ for low- and middle-income countries. In the present 
study, the follow-up sample was not overweight or obese in childhood but 
was, on average, overweight aged 64-76 years. More contemporary 
samples who experience obesity already in childhood may have different or 
more marked findings. The linear regression analyses presented here on 
the full sample cannot pinpoint when childhood overweight and obesity 
prevalence started to increase in Guatemala, rather, it shows that BMI has 
Chapter 8: Discussion 
 
 
189 
 
increased through time for all SEP groups. Future work could address this 
question with more sophisticated analytical tools.  
 
Results of this thesis highlighted the instability of childhood IQ, but currently 
it is unknown if this pattern is observed in all children, or whether it is an 
artefact of the testing process. Childhood and adolescent trajectories in IQ 
could be modelled for the full UVG sample to investigate the questions 
addressed in Chapter 7 regarding intraindividual variability. It would be of 
interest to assess to what extent IQ fluctuates when the data of 40,000+ 
participants are analysed, similarly, it might be possible to identify factors 
which predict stability or instability in an individual’s scores.  The UVG 
database includes reading skill tests and IQ tests for most individuals – 
socioeconomic inequalities in these cognitive parameters and their change 
over time could be investigated, as well as how they may relate to the 
physical growth measures modelled for this thesis.  
 
Future work could aim to document SEP inequalities in bone maturation as 
well as examine associations with the growth measures. Bone maturation 
is tightly related to bone growth, whereby longitudinal bone growth ceases 
once the skeleton is fully mature. Results from the INCAP Study showed 
already in the 1970s that malnutrition can lead to retardation of bone 
maturation in the hand and wrist, and a study using the UVG data identified 
SEP differences in bone age (Bogin et al., 1989; Himes et al., 1975). There 
is scope to expand this work to include the full UVG Sample as bone age 
data were only analysed for the follow-up sample in the present study due 
to the high cost associated with the X-ray analysis using BoneXpert. 
Skeletal maturity has been further associated with obesity, whereby 
overweight or obese adults were approximately one year more advanced 
in skeletal age during adolescence than normal weight adults (Johnson et 
al., 2012). Similar patterns may be detected in the Guatemalan sample. 
 
Finally, a full follow-up study of the UVG sample could, for the first time, 
identify life course risk factors for health and disease outcomes associated 
with physical growth and cognitive development in a low- to middle-income 
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country. Most former participants of the UVG Study can be expected to be 
alive and currently aged 25-76 years. The design of the original study, 
which included a new cohort of participants introduced to the study 
continuously for 46 years, is very powerful, as in addition to age and period 
effects, cohort effects can be controlled for. The Guatemalan collaborators 
involved in the present follow-up are interested to continue with the project. 
A full-scale follow-up would need to include participants from all former 
study schools, and preferably, across different ages. For the follow-up to be 
successful, sufficient funding and local research assistants would be 
required to locate participants, as there is currently no registry or database 
of former study participants’ contact details. The former participants from 
schools 1, 2 and 5 are likely to be easier to find then those of the lower SEP, 
as they have access to phones, computers and email. The Maya school is 
located in a relatively small village, and it could be that teachers and other 
personnel currently working at the school could assist in locating 
participants. The team who successfully completed the follow-up study of 
the INCAP had the advantage of being able to physically search each study 
village and move from door to door. In an urban environment, such as 
Guatemala City, this may be less feasible, and individuals are more likely 
to have moved. Local and national media campaigns would likely be 
needed to raise awareness about the study and also address any fears, 
issues or stigma associated with taking part in research. The current 
political-economic-social climate in Guatemala is challenging, including 
issues related to racial discrimination, corruption, large wealth inequality, 
poverty, large-scale migration to the US and drug-trafficking. There are 
opportunities for qualitative work and mixed methods investigations – the 
results presented here highlight the extent of the SEP inequalities but there 
has been no investigation of how these patterns may vary at the household 
level. From a theoretical perspective, future studies with larger samples 
could better evaluate and quantify the life course associations described in 
this thesis, and the extent to which growth is predictive of later life health in 
Guatemala. 
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  Conclusions 
In conclusion, this study employed advanced analytical models to describe 
the growth of a large sample of Guatemalan children. While inequalities in 
growth have declined over time, the lowest SEP groups were still >1 SD 
shorter and lighter than the highest in 1990. In BMI, SEP groups showed 
secular increases in growth size and velocity. In the follow-up higher BMI 
related to increased later life fatness, and for males, lesser odds of survival, 
thus the increases in child and adolescent BMI over time may have negative 
longterm impact on population health and wellbeing. In terms of cognitive 
ability, the follow-up sample had high instability in childhood IQ, based on 
repeated individual measurements. The follow-up study demonstrates 
feasibility and proof of concept for future investigations in the wider UVG 
Study sample, who are currently aged 25-76 years old, and whose growth 
patterns have now been well defined. Improvements to the socioeconomic 
position of the poorest in the country would likely result in reduced 
inequalities in growth measures, and following the life course 
epidemiological model, an improved later life health.
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Appendix 2 – Informed Consent Form 
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La capacidad de reserva, la biología de la historia de la vida y la 
senescencia humana 
Consentimiento Informado forma 1 
(Se completará después de que el participante ha leído el documento informativo) 
 
Participación                                                                                                                                            
                                                                                                                                                                                   Por favor marcar en la casilla  
Me han explicado el propósito y los detalles de este estudio. Entiendo que este estudio 
está diseñado para promover el conocimiento científico y que todos los procedimientos 
han sido aprobados por el comité de ética  Universidad de Loughborough (Sub-comité 
Ética de aprobaciones de participantes Humanos). 
 
 
He leído y entendido el documento de información y este formulario de consentimiento.  
 
 
He tenido la oportunidad de hacer preguntas acerca de mi participación. 
 
Entiendo que NO  tengo  obligación de participar en el estudio,  
tendré el derecho de  retirarme  en cualquier momento, sin  necesidad de  explicar mis razones. 
 
Estoy de acuerdo en formar parte de  este estudio y esto incluirá ser fotografiado. 
 
 
 
 
   Uso de la información 
 
Entiendo que  la información personal  proporcionada será tratada de manera 
estrictamente confidencial y se mantendrá anónima, a menos que los investigadores (en 
virtud de las obligaciones legales),  consideren que la confidencialidad tendrá que ser 
violada por la seguridad de los participantes, de otras personas o de auditoría por parte de 
las autoridades reguladoras. 
 
Estoy de acuerdo que los datos  que se proporcionan sean archivados de forma segura al final  
del proyecto. 
 
 
 
Nombre del 
participante 
 
 
 
 
 
  Firma 
 
 Fecha 
 
   Investigador                                          Firma                                             Fecha      
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Appendix 3 – Health Screen Questionnaire 
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Page 1 of 4  
 
 
 
 
 
Nombre completo  ……….. ...............……. 
Masculino/Femenino  ...............……. 
Fecha de Nacimiento  ...............……. 
 
 
 
Cuestionario de salud para los voluntarios del estudio 
 
Como un participante voluntario en un estudio de investigación, es importante que nos informe de 
problemas médicos actuales y pasados. Esto es (i) para asegurar su propio bienestar y (ii) para 
evitar la posibilidad de que distintos temas de salud causen distorsión en los resultados del 
estudio. 
 
Por favor completar este breve cuestionario para confirmar su aptitud para participar: 
 
1.  En la actualidad, tiene algún problema de salud por el que  
 
(a) usa medicamento prescrito, o no prescrito 
.............. 
fjfjf 
Yes  No 
(b)  asiste a su médico ........................................... Yes  No 
(c)  está en una lista de espera del hospital............... 
.......................... 
Yes  No 
 
2. En los dos últimos años, ¿ha tenido alguna enfermedad o lesión que requiera  
  
(a)   consultar a su médico………………………. 
.......................................... 
Yes  No 
(b) asistir a un hospital/clinica consulta externa 
........... 
Yes  No 
(c) ser admitido en el hospital…………………… Yes  No 
 
 
3. ¿Alguna vez ha padecido de: alguno de los siguientes? 
 
 
(a) Convulsiones/Epilepsia .................................... Yes  No  
(b) Asma......................................……………………… Yes  No  
(c) Enfermedad de la piel ........................................... Yes  No  
(d) Diabetes………………………………………... Yes  No  
(e) Trastorno sanguíneo…………………………… Yes  No  
(f) Lesiones de la cabeza....................................... Yes  No  
(g) Problemas digestivos......................................... Yes  No  
(h) Problemas cardíacos o dolores en el pecho Yes  No  
(i) Problemas con los músculos, los huesos o las 
articulaciones* 
Yes  No  
(j) Perturbación del equilibrio y coordinación……… Yes  No  
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(j) Perturbación del equilibrio y coordinación……… Yes  No  
(k) Entumecimiento de las manos o los pies……….. Yes  No  
(l) Perturbación de la visión ...................................... Yes  No  
(m) Problemas del oído o de audición…………….. Yes  No  
(n) Problemas tiroideos……………………………….. Yes  No  
(o) Problemas renales o hepáticos………………….. Yes  No  
(p) Problemas con la presión arterial………………… Yes  No  
 
 
* Complete  también la página 4 que pregunta específicamente acerca de las 
fracturas óseas 
 
 
Si la respuesta es  afirmativa a alguna pregunta, sírvase describir brevemente, si lo 
desea, (por ejemplo para confirmar el problema era/es de corta duración, insignificante o 
bien controlado). 
 
................................................................................................................................................
....... 
 
…………………………………………………………………………………………......................
....... 
 
…………………………………………………………………………………………………………
…… 
 
…………………………………………………………………………………………………………
…… 
 
…………………………………………………………………………………………………………
…… 
 
…………………………………………………………………………………………………………
…… 
 
 
4  El hábito de fumar y la actividad física 
 
(a) ¿Es usted un fumador actual o reciente (en los 
últimos seis meses)? 
Yes  No 
 (b)  ¿Es usted físicamente activo (30 minutos de actividad 
física de intensidad moderada, al menos 3 días a la 
semana durante al menos 3 meses)? 
Yes  No 
 
 
 
5 Información sobre alergias 
 
(a)  ¿Es usted alérgico a algún alimento? 
 
 
 
 
 
 
 
Yes  No 
 
 
……………………………………………………………………………………………………………………………
….. 
Si dijo que si por favor bríndeme información adicional sobre la alergia  
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5 Está actualmente involucrado en algún estudio de investigación en la universidad o 
en otro lugar? 
  
Yes  No 
 
 
..……………………………………………………………………………………………………………
… 
 Si dijo que si, por favor bríndeme detalles  
 
6 Sírvanse proporcionar los datos de una  persona a la que podamos contactar en  
caso de cualquier incidente o emergencia. 
 
Nombre: 
…………………………………………………………………………………………………………
……. 
 
Número telefónico:  
 
…………………………………………………………………………………………………………
……. 
Trabajo       Casa       Celular 
 
 
Relación con el participante:……………………………………………………………………………... 
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5 Historial de huesos fracturados  
 
Por favor complete el cuadro con la información que corresponde de acuerdo a cualquier 
fractura que haya tenido durante su vida y marque con un círculo en la imagen, el área 
afectada y asigne un número.  (Dar a cada fractura un número para identificarlo en el cuadro y 
en la imagen 1,2,3 etc.) 
 
 
Numero de 
fractura  
Edad  ¿Qué paso? (Caída durante la actividad diaria /lesiones 
deportivas/accidente de tráfico). 
   
   
   
   
   
   
   
 
Appendices 
 
252 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 4 – Follow-up data collected 
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List of measures included in the follow-up study: 
• Anthropometry: height (cm), knee height (cm), weight (kg), triceps 
skinfold (mm), subscapular skinfold (mm), arm circumference (cm), 
waist circumference (cm), hip circumference (cm) 
• Hang grip strength 
• Health Screen Questionnaire 
• Life time number of bone fractures 
• Current and past occupation 
• Number of years spent in education 
• Short Physical Performance Battery (SPPB) 
• Bone Specific Physical Activity Questionnaire (BPAQ) 
• Warwick-Edinburgh Mental Well-being Scale (WEMWBS) 
• Mini Mental State Exam (MMSE) 
• Hopkins Verbal Learning Test (HVLT) 
• Spanish Word Accentuation Test (WAT) 
• Spanish Work Accentuation Test Chicago  
• UK Biobank Fluid Intelligence Test 
• Life Events Checklist (LEC) DSM-5 
• Frontal facial photograph 
• Hand-wrist X-ray 
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Appendix 5 – R code
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R-code used for analyses 
## Male height 
with(dat[dat$AGE < 20, ], plot(AGE, Estatura_cm, pch=20, 
col=Sex_numeric)) 
mh1 <- sitar(AGE, Estatura_cm, Id, na.omit(dat[dat$Sex_numeric==1, 
c('Id', 'AGE', 'Estatura_cm')]), df=7) 
save(mh1, file= "mh1") 
summary(mh1) 
capture.output(summary(mh1), file = "summarymh1.txt", append = TRUE) 
ranef(mh1) 
write.csv(ranef(mh1),"ranefmh1.csv") 
save(mh1, file= "mh1") 
 
mh2 <- update(mh1, x=log(AGE)) 
summary(mh2) 
capture.output(summary(mh2), file = "summarymh2.txt", append = TRUE) 
ranef(mh2) 
write.csv(ranef(mh2),"ranefmh2.csv") 
save(mh2, file= "mh2") 
 
mh3 <- update(mh1, y=log(Estatura_cm)) 
summary(mh3) 
capture.output(summary(mh3), file = "summarymh3.txt", append = TRUE) 
ranef(mh3) 
write.csv(ranef(mh3),"ranefmh3.csv") 
save(mh3, file= "mh3") 
 
mh4 <- update(mh1, x=log(AGE), y=log(Estatura_cm)) 
summary(mh4) 
capture.output(summary(mh4), file = "summarymh4.txt", append = TRUE) 
ranef(mh4) 
write.csv(ranef(mh4),"ranefmh4.csv") 
save(mh4, file= "mh4") 
 
mh5 <- update(mh2, df=6) 
summary(mh5) 
capture.output(summary(mh5), file = "summarymh5.txt", append = TRUE) 
ranef(mh5) 
write.csv(ranef(mh5),"ranefmh5.csv") 
save(mh5, file= "mh5") 
 
BICadj(pattern='mh') 
 
## Female height 
 
fh1 <- sitar(AGE, Estatura_cm, Id, na.omit(dat[dat$Sex_numeric==2 & 
dat$AGE < 20, c('Id', 'AGE', 'Estatura_cm')]), df=7) 
ranef(fh1)  
write.csv(ranef(fh1),"ranefh1.csv") 
summary(fh1) 
capture.output(summary(fh1), file = "summaryfh1.txt", append = TRUE) 
save(fh1, file= "fh1") 
 
fh2 <- update(fh1, x=log(AGE)) 
ranef(fh2)  
write.csv(ranef(fh2),"ranefh2.csv") 
summary(fh2) 
capture.output(summary(fh2), file = "summaryfh2.txt", append = TRUE) 
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save(fh2, file= "fh2") 
 
fh3 <- update(fh1, y=log(Estatura_cm)) 
ranef(fh3)  
write.csv(ranef(fh3),"ranefh3.csv") 
summary(fh3) 
capture.output(summary(fh3), file = "summaryfh3.txt", append = TRUE) 
save(fh3, file= "fh3") 
 
fh4 <- update(fh1, x=log(AGE), y=log(Estatura_cm)) 
ranef(fh4)  
write.csv(ranef(fh4),"ranefh4.csv") 
summary(fh4) 
capture.output(summary(fh4), file = "summaryfh4.txt", append = TRUE) 
save(fh4, file= "fh4") 
 
fh5 <- update(fh2, df=6) 
ranef(fh5)  
write.csv(ranef(fh5),"ranefh5.csv") 
summary(fh5) 
capture.output(summary(fh5), file = "summaryfh5.txt", append = TRUE) 
save(fh5, file= "fh5") 
 
BICadj(pattern='fh') 
 
## Male weight 
 
mw1 <- sitar(AGE, Peso_kg, Id, na.omit(dat[dat$Sex_numeric==1 & dat$AGE 
< 20 & dat$AGE > 5, c('Id', 'AGE', 'Peso_kg')]), df=5) 
summary(mw1) 
capture.output(summary(mw1), file = "summarymw1.txt", append = TRUE) 
ranef(mw1) 
write.csv(ranef(mw1),"ranefmw1.csv") 
save(mw1, file= "mw1") 
 
mw2 <- update(mw1, x=log(AGE)) 
capture.output(summary(mw2), file = "summarymw2.txt", append = TRUE) 
ranef(mw2) 
write.csv(ranef(mw2),"ranefmw2.csv") 
save(mw2, file= "mw2") 
 
mw3 <- update(mw1, y=log(Peso_kg)) 
summary(mw3) 
capture.output(summary(mw3), file = "summarymw3.txt", append = TRUE) 
ranef(mw3) 
write.csv(ranef(mw3),"ranefmw3.csv") 
save(mw3, file= "mw3") 
 
mw4 <- update(mw1, x=log(AGE), y=log(Peso_kg)) 
ranef(mw4)  
write.csv(ranef(mw4),"ranemw4.csv") 
summary(mw4) 
capture.output(summary(mw4), file = "summarymw4.txt", append = TRUE) 
save(mw4, file= "mw4") 
 
mw5 <- update(mw1, df=6)  
capture.output(summary(mw5), file = "summarymw5.txt", append = TRUE) 
ranef(mw5) 
write.csv(ranef(mw5),"ranefmw5.csv") 
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save(mw5, file= "mw5") 
 
BICadj(pattern='mw') 
 
## Female weight 
 
fw1 <- sitar(AGE, Peso_kg, Id, na.omit(dat[dat$Sex_numeric==2 & dat$AGE 
< 20 & dat$AGE > 5, c('Id', 'AGE', 'Peso_kg')]), df=5) 
summary(fw1) 
capture.output(summary(fw1), file = "summaryfw1.txt", append = TRUE) 
ranef(fw1) 
write.csv(ranef(fw1),"raneffw1.csv") 
save(fw1, file= "fw1") 
 
fw2 <- update(fw1, x=log(AGE)) 
summary(fw2) 
capture.output(summary(fw2), file = "summaryfw2.txt", append = TRUE) 
ranef(fw2) 
write.csv(ranef(fw2),"raneffw2.csv") 
save(fw2, file= "fw2") 
 
fw3 <- update(fw1, y=log(Peso_kg)) 
summary(fw3) 
capture.output(summary(fw3), file = "summaryfw3.txt", append = TRUE) 
ranef(fw3) 
write.csv(ranef(fw3),"raneffw3.csv") 
save(fw3, file= "fw3") 
 
fw4 <- update(fw1, x=log(AGE), y=log(Peso_kg)) 
summary(fw4) 
capture.output(summary(fw4), file = "summaryfw4.txt", append = TRUE) 
ranef(fw4) 
write.csv(ranef(fw4),"raneffw4.csv") 
save(fw4, file= "fw4") 
 
fw5 <- update(fw1, df=6) 
summary(fw5) 
capture.output(summary(fw5), file = "summaryfw5.txt", append = TRUE) 
ranef(fw5) 
write.csv(ranef(fw5),"raneffw5.csv") 
save(fw5, file= "fw5") 
 
BICadj(pattern='fw') 
 
## Male BMI 
 
mbm1 <- sitar(AGE, BMI, Id, na.omit(dat[dat$Sex_numeric==1 & dat$AGE < 
20 & dat$AGE > 5, c('Id', 'AGE', 'BMI')]), df=4, random='a+c') 
summary(mbm1) 
capture.output(summary(mbm1), file = "summarymbm1.txt", append = TRUE) 
ranef(mbm1) 
write.csv(ranef(mbm1),"ranefmbm1.csv") 
save(mbm1, file= "mbm1") 
 
mbm2 <- update(mbm1, x=log(AGE)) 
summary(mbm2) 
capture.output(summary(mbm2), file = "summarymbm2.txt", append = TRUE) 
ranef(mbm2) 
write.csv(ranef(mbm2),"ranefmbm2.csv") 
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save(mbm2, file= "mbm2") 
 
mbm3 <- update(mbm1, y=log(BMI)) 
summary(mbm3) 
capture.output(summary(mbm3), file = "summarymbm3.txt", append = TRUE) 
ranef(mbm3) 
write.csv(ranef(mbm3),"ranefmbm3.csv") 
save(mbm3, file= "mbm3") 
 
mbm4 <- update(mbm1, x=log(AGE), y=log(BMI)) 
summary(mbm4) 
capture.output(summary(mbm4), file = "summarymbm4.txt", append = TRUE) 
ranef(mbm4) 
write.csv(ranef(mbm4),"ranefmbm4.csv") 
save(mbm4, file= "mbm4") 
 
mbm5 <- update(mbm1, df=4) 
summary(mbm5) 
capture.output(summary(mbm5), file = "summarymbm5.txt", append = TRUE) 
ranef(mbm5) 
write.csv(ranef(mbm5),"ranefmbm5.csv") 
save(mbm5, file= "mbm5") 
 
BICadj(pattern='mbm') 
 
## Female BMI 
 
fbm1 <- sitar(AGE, BMI, Id, na.omit(dat[dat$Sex_numeric==2 & dat$AGE < 
20 & dat$AGE > 5, c('Id', 'AGE', 'BMI')]), df=4, random='a+c') 
summary(fbm1) 
capture.output(summary(fbm1), file = "summaryfbm1.txt", append = TRUE) 
ranef(fbm1) 
write.csv(ranef(fbm1),"raneffbm1.csv") 
save(fbm1, file= "fbm1") 
 
fbm2 <- update(fbm1, x=log(AGE)) 
capture.output(summary(fbm2), file = "summaryfbm2.txt", append = TRUE) 
ranef(fbm2) 
write.csv(ranef(fbm2),"raneffbm2.csv") 
save(fbm2, file= "fbm2") 
 
fbm3 <- update(fbm1, y=log(BMI)) 
capture.output(summary(fbm3), file = "summaryfbm3.txt", append = TRUE) 
ranef(fbm3) 
write.csv(ranef(fbm3),"raneffbm3.csv") 
save(fbm3, file= "fbm3") 
 
fbm4 <- update(fbm1, x=log(AGE), y=log(BMI)) 
capture.output(summary(fbm4), file = "summaryfbm4.txt", append = TRUE) 
ranef(fbm4) 
write.csv(ranef(fbm4),"raneffbm4.csv") 
save(fbm4, file= "fbm4") 
 
BICadj(pattern='fbm') 
 
## Male grip strength 
 
ms1 <- sitar(AGE, Fuerza, Id, na.omit(dat[dat$Sex_numeric==1 & dat$AGE 
< 20 & dat$AGE > 5, c('Id', 'AGE', 'Fuerza')]), df=5, random='a+c') 
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summary(ms1) 
capture.output(summary(ms1), file = "summaryms1.txt", append = TRUE) 
ranef(ms1) 
write.csv(ranef(ms1),"ranefms1.csv") 
save(ms1, file= "ms1") 
 
ms2 <- update(ms1, x=log(AGE)) 
summary(ms2) 
capture.output(summary(ms2), file = "summaryms2.txt", append = TRUE) 
ranef(ms2) 
write.csv(ranef(ms2),"ranefms2.csv") 
save(ms2, file= "ms2") 
 
ms3 <- update(ms1, y=log(Fuerza)) 
capture.output(summary(ms3), file = "summaryms3.txt", append = TRUE) 
ranef(ms3) 
write.csv(ranef(ms3),"ranefms3.csv") 
save(ms3, file= "ms3") 
 
ms4 <- update(ms1, x=log(AGE), y=log(Fuerza)) 
capture.output(summary(ms4), file = "summaryms4.txt", append = TRUE) 
ranef(ms4) 
write.csv(ranef(ms4),"ranefms4.csv") 
save(ms4, file= "ms4") 
 
BICadj(pattern='ms') 
 
## Female grip strength 
 
dat$log_Fuerza <- log(dat$Fuerza) 
dat$log_AGE <- log(dat$AGE) 
 
fs1 <- sitar(AGE, Fuerza, Id, na.omit(dat[dat$Sex_numeric==2 & dat$AGE 
< 20 & dat$AGE > 5, c('Id', 'AGE', 'Fuerza')]), df=4, random='a+c') 
summary(fs1) 
capture.output(summary(fs1), file = "summaryfs1.txt", append = TRUE) 
ranef(fs1) 
write.csv(ranef(fs1),"raneffs1.csv") 
save(fs1, file= "fs1") 
 
fs2 <- update(fs1, x=log(AGE))  
summary(fs2) 
capture.output(summary(fs2), file = "summaryfs2.txt", append = TRUE) 
ranef(fs2) 
write.csv(ranef(fs2),"raneffs2.csv") 
save(fs2, file= "fs2") 
 
BICadj(pattern='fs') 
 
#### models for male bone age 
 
mba1 <- sitar(AGE, BA, Id, na.omit(dat[dat$Sex_numeric==1 & dat$AGE < 
20, c('Id', 'AGE', 'BA')]), df=4, random='b+c') 
plot(mba1) 
 
summary(mba1) 
capture.output(summary(mba1), file = "summarymba1.txt", append = TRUE) 
ranef(mba1) 
write.csv(ranef(mba1),"ranefmba1.csv") 
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save(mba1, file= "mba1") 
 
BICadj(mba1) 
 
### models for female bone age 
 
fba1 <- sitar(AGE, BA, Id, na.omit(dat[dat$Sex_numeric==2 & dat$AGE < 
20, c('Id', 'AGE', 'BA')]), df=4, random='b+c') 
plot(fba1) 
 
summary(fba1) 
capture.output(summary(fba1), file = "summaryfba1.txt", append = TRUE) 
ranef(fba1) 
write.csv(ranef(fba1),"raneffba1.csv") 
save(fba1, file= "fba1") 
 
 
## Regression analyses and graphs (Chapter 5) 
 
##  plot regression estimates with 95CI (main model with centered DOB) 
 
ggplot(tdmodMheight, aes(term, estimate)) + 
  geom_point() + 
  geom_pointrange(aes(ymin = conf.low, ymax = conf.high, colour = "red" 
), show.legend = FALSE) + 
  labs(title = "Regression estimates by SEP group for male height") + 
  xlab("Variable") + ylab("B") + scale_y_continuous(limits = c(-2,2)) 
 
(d <- ggplot(tdmodMheight, aes(term, estimate)) + 
    geom_point() + 
    geom_pointrange(aes(ymin = conf.low, ymax = conf.high, colour = 
"red" ), show.legend = FALSE) + 
    labs(title = "Regression estimates by SEP group for male height") + 
    xlab("Variable") + ylab("B") + scale_y_continuous(limits = c(-
2,2))) 
 
d + scale_x_discrete("Variable", labels = c("(Intercept)" = "SEP 
1","SES2" = "SEP 2", 
                                            "SES3" = "SEP 3","SES4" = 
"SEP 4","SES5" = "SEP 5"), limits = 
c("(Intercept)","SES2","SES3","SES4","SES5")) 
 
## Linear model analyses 
## height using DOB centered in Excel with value - mean 
 
mod1 <- lm(Zheight_a ~ DOB_cent + SES + SES*DOB_cent, data=dat) 
summary(mod1) 
 
## summary statistics of males and females 
Summarize(DOB ~ SES,  
          data=subset(dat, Sex=="1" & DOB > 1955)) 
Summarize(DOB ~ SES,  
          data=subset(dat, Sex=="2" & DOB > 1955)) 
 
 
## with decade as unit of measurement 
## sexes separately & DOB restricted to 1955 
#males 
## and after: tidy output 
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## Male height SIZE 
modMheight <- lm(center(Zheight_a) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="1" & DOB > 1955))  
summary(modMheight) 
tidy(modMheight, conf.int = TRUE) 
tdmodMheight <- tidy(modMheight, conf.int = TRUE) 
tdmodMheight$term <- as.factor(tdmodMheight$term) 
 
## basic dotwhisker: dwplot(tdmodMheight) 
 
## 1960 
modMheight60 <- lm((Zheight_a) ~ DOB_cent_60 + SES + SES*DOB_cent_60, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight60 <- tidy(modMheight60, conf.int = TRUE) 
tdmodMheight60$term <- as.factor(tdmodMheight60$term) 
summary(modMheight60) 
tidy(modMheight60, conf.int = TRUE) 
 
## 1970 
modMheight70 <- lm((Zheight_a) ~ DOB_cent_70 + SES + SES*DOB_cent_70, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight70 <- tidy(modMheight70, conf.int = TRUE) 
tdmodMheight70$term <- as.factor(tdmodMheight70$term) 
 
##1980 
modMheight80 <- lm((Zheight_a) ~ DOB_cent_80 + SES + SES*DOB_cent_80, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight80 <- tidy(modMheight80, conf.int = TRUE) 
tdmodMheight80$term <- as.factor(tdmodMheight80$term) 
 
##1990 
modMheight90 <- lm((Zheight_a) ~ DOB_cent_90 + SES + SES*DOB_cent_90, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight90 <- tidy(modMheight90, conf.int = TRUE) 
tidy(modMheight90, conf.int = TRUE) 
tdmodMheight90$term <- as.factor(tdmodMheight90$term) 
 
## plot all models (by decade) 
 
modMheight60_dw <- tidy(modMheight60) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zh*', term)) %>% mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMheight70_dw <- tidy(modMheight70) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zh*', term)) %>% mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMheight80_dw <- tidy(modMheight80) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zh*', term)) %>% mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMheight90_dw <- tidy(modMheight90) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zh*', term)) %>% mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models <- rbind(modMheight60_dw, modMheight70_dw, modMheight80_dw, 
modMheight90_dw) 
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dwplot(four_models, show_intercept = FALSE) %>%  
+ xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male height Z-scores by SEP 
group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.01), max(0), by = 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34))  + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## big dots and whiskers 
 
dwplot(four_models, show_intercept = FALSE, dot_args = list(size = 4), 
whisker_args = list(size = 1.5)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male height Z-scores by SEP 
group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.01), max(0), by = 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34))  + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
### medium dots and whiskers 
 
dwplot(four_models, show_intercept = FALSE, dot_args = list(size = 2), 
whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male height Z-scores by SEP 
group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.00), max(0), by = 2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.2, -1.33))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip()  
 
## Male height TIMING 
modMheightTIMING <- lm(center(Zheight_b) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="1" & DOB > 1955))  
summary(modMheightTIMING) 
tidy(modMheightTIMING, conf.int = TRUE) 
tdmodMheightTIMING <- tidy(modMheightTIMING, conf.int = TRUE) 
tdmodMheightTIMING$term <- as.factor(tdmodMheightTIMING$term) 
 
## basic dotwhisker: dwplot(tdmodMheightTIMING) 
## 1960 
modMheight60TIMING <- lm((Zheight_b) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight60TIMING <- tidy(modMheight60TIMING, conf.int = TRUE) 
tdmodMheight60TIMING$term <- as.factor(tdmodMheight60TIMING$term) 
summary(modMheight60TIMING) 
tidy(modMheight60TIMING, conf.int = TRUE) 
 
## 1970 
 
modMheight70TIMING <- lm((Zheight_b) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight70TIMING <- tidy(modMheight70TIMING, conf.int = TRUE) 
tdmodMheight70TIMING$term <- as.factor(tdmodMheight70TIMING$term) 
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##1980 
modMheight80TIMING <- lm((Zheight_b) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight80TIMING <- tidy(modMheight80TIMING, conf.int = TRUE) 
tdmodMheight80TIMING$term <- as.factor(tdmodMheight80TIMING$term) 
 
##1990 
modMheight90TIMING <- lm((Zheight_b) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight90TIMING <- tidy(modMheight90TIMING, conf.int = TRUE) 
tidy(modMheight90TIMING, conf.int = TRUE) 
tdmodMheight90TIMING$term <- as.factor(tdmodMheight90TIMING$term) 
 
## plot all models (by decade) 
modMheight60TIMING_dw <- tidy(modMheight60TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMheight70TIMING_dw <- tidy(modMheight70TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMheight80TIMING_dw <- tidy(modMheight80TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMheight90TIMING_dw <- tidy(modMheight90TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_TIMING <- rbind(modMheight60TIMING_dw, 
modMheight70TIMING_dw, modMheight80TIMING_dw, modMheight90TIMING_dw) 
 
dwplot(four_models_TIMING, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for male height Z-scores for timing by 
SEP group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.01), max(2.01), by = 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(1.34, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip() 
 
# middle sized dots 
 
dwplot(four_models_TIMING, show_intercept = FALSE, dot_args = list(size 
= 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male height Z-scores for 
timing by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0.67), by = 
2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.67, -0.67))  + theme(plot.title=element_text(size=12), 
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panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
 
 
## Male height INTENSITY 
 
modMheightINTENSITY <- lm(center(Zheight_c) ~ center(DOB_decade) + SES 
+ SES*center(DOB_decade),data=subset(dat, Sex=="1" & DOB > 1955))  
summary(modMheightINTENSITY) 
tidy(modMheightINTENSITY, conf.int = TRUE) 
tdmodMheightINTENSITY <- tidy(modMheightINTENSITY, conf.int = TRUE) 
tdmodMheightINTENSITY$term <- as.factor(tdmodMheightINTENSITY$term) 
 
## basic dotwhisker: dwplot(tdmodMheightINTENSITY) 
## 1960 
modMheight60INTENSITY <- lm((Zheight_c) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight60INTENSITY <- tidy(modMheight60INTENSITY, conf.int = TRUE) 
tdmodMheight60INTENSITY$term <- as.factor(tdmodMheight60INTENSITY$term 
summary(modMheight60INTENSITY) 
tidy(modMheight60INTENSITY, conf.int = TRUE) 
 
## 1970 
modMheight70INTENSITY <- lm((Zheight_c) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight70INTENSITY <- tidy(modMheight70INTENSITY, conf.int = TRUE) 
tdmodMheight70INTENSITY$term <- as.factor(tdmodMheight70INTENSITY$term) 
 
##1980 
modMheight80INTENSITY <- lm((Zheight_c) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight80INTENSITY <- tidy(modMheight80INTENSITY, conf.int = TRUE) 
tdmodMheight80INTENSITY$term <- as.factor(tdmodMheight80INTENSITY$term) 
 
##1990 
modMheight90INTENSITY <- lm((Zheight_c) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMheight90INTENSITY <- tidy(modMheight90INTENSITY, conf.int = TRUE) 
tidy(modMheight90INTENSITY, conf.int = TRUE) 
tdmodMheight90INTENSITY$term <- as.factor(tdmodMheight90INTENSITY$term) 
 
## plot all models (by decade) 
modMheight60INTENSITY_dw <- tidy(modMheight60INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMheight70INTENSITY_dw <- tidy(modMheight70INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMheight80INTENSITY_dw <- tidy(modMheight80INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
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modMheight90INTENSITY_dw <- tidy(modMheight90INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
 
four_models_INTENSITY <- rbind(modMheight60INTENSITY_dw, 
modMheight70INTENSITY_dw, modMheight80INTENSITY_dw, 
modMheight90INTENSITY_dw) 
 
dwplot(four_models_INTENSITY, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for male height Z-scores for intensity 
by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.01), max(0), by = 
0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
 
dwplot(four_models_INTENSITY, show_intercept = FALSE, dot_args = 
list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male height Z-scores for 
intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0.67), by = 
2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.67, -0.67))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
######## FEMALES ######### 
 
## Female Height SIZE 
modFheight <- lm(center(Zheight_a) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="2" & DOB > 1955))  
summary(modFheight) 
tidy(modFheight, conf.int = TRUE) 
tdmodFheight <- tidy(modFheight, conf.int = TRUE) 
tdmodFheight$term <- as.factor(tdmodFheight$term) 
 
## basic dotwhisker: dwplot(tdmodFheight) 
## 1960 
modFheight60 <- lm((Zheight_a) ~ DOB_cent_60 + SES + SES*DOB_cent_60, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight60 <- tidy(modFheight60, conf.int = TRUE) 
tdmodFheight60$term <- as.factor(tdmodFheight60$term) 
summary(modFheight60) 
tidy(modFheight60, conf.int = TRUE) 
 
## 1970 
modFheight70 <- lm((Zheight_a) ~ DOB_cent_70 + SES + SES*DOB_cent_70, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight70 <- tidy(modFheight70, conf.int = TRUE) 
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tdmodFheight70$term <- as.factor(tdmodFheight70$term) 
##1980 
modFheight80 <- lm((Zheight_a) ~ DOB_cent_80 + SES + SES*DOB_cent_80, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight80 <- tidy(modFheight80, conf.int = TRUE) 
tdmodFheight80$term <- as.factor(tdmodFheight80$term) 
 
##1990 
modFheight90 <- lm((Zheight_a) ~ DOB_cent_90 + SES + SES*DOB_cent_90, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight90 <- tidy(modFheight90, conf.int = TRUE) 
 
tidy(modFheight90, conf.int = TRUE) 
tdmodFheight90$term <- as.factor(tdmodFheight90$term) 
 
## plot all models (by decade) 
modFheight60_dw <- tidy(modFheight60) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zh*', term)) %>% mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFheight70_dw <- tidy(modFheight70) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zh*', term)) %>% mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFheight80_dw <- tidy(modFheight80) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zh*', term)) %>% mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFheight90_dw <- tidy(modFheight90) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zh*', term)) %>% mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_F <- rbind(modFheight60_dw, modFheight70_dw, 
modFheight80_dw, modFheight90_dw) 
 
dwplot(four_models_F, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for female height Z-scores by SEP group 
and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.01), max(0), by = 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_F, show_intercept = FALSE, dot_args = list(size = 
2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for female height Z-scores by 
SEP group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.00), max(0), by = 2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.2, -1.33))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip()  
 
## Female Height TIMING 
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modFheightTIMING <- lm(center(Zheight_b) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="2" & DOB > 1955))  
summary(modFheightTIMING) 
tidy(modFheightTIMING, conf.int = TRUE) 
tdmodFheightTIMING <- tidy(modFheightTIMING, conf.int = TRUE) 
tdmodFheightTIMING$term <- as.factor(tdmodFheightTIMING$term) 
 
## basic dotwhisker: dwplot(tdmodMheightTIMING) 
## 1960 
modFheight60TIMING <- lm((Zheight_b) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight60TIMING <- tidy(modFheight60TIMING, conf.int = TRUE) 
tdmodFheight60TIMING$term <- as.factor(tdmodFheight60TIMING$term) 
 
summary(modFheight60TIMING) 
tidy(modFheight60TIMING, conf.int = TRUE) 
 
## 1970 
modFheight70TIMING <- lm((Zheight_b) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight70TIMING <- tidy(modFheight70TIMING, conf.int = TRUE) 
tdmodFheight70TIMING$term <- as.factor(tdmodFheight70TIMING$term) 
 
##1980 
modFheight80TIMING <- lm((Zheight_b) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight80TIMING <- tidy(modFheight80TIMING, conf.int = TRUE) 
tdmodFheight80TIMING$term <- as.factor(tdmodFheight80TIMING$term) 
 
##1990 
modFheight90TIMING <- lm((Zheight_b) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight90TIMING <- tidy(modFheight90TIMING, conf.int = TRUE) 
tidy(modFheight90TIMING, conf.int = TRUE) 
tdmodFheight90TIMING$term <- as.factor(tdmodFheight90TIMING$term) 
 
## plot all models (by decade) 
modFheight60TIMING_dw <- tidy(modFheight60TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFheight70TIMING_dw <- tidy(modFheight70TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFheight80TIMING_dw <- tidy(modFheight80TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFheight90TIMING_dw <- tidy(modFheight90TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
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four_models_F_TIMING <- rbind(modFheight60TIMING_dw, 
modFheight70TIMING_dw, modFheight80TIMING_dw, modFheight90TIMING_dw) 
 
dwplot(four_models_F_TIMING, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for female height Z-scores for timing 
by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.01), max(2.01), by = 
0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(1.34, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_F_TIMING, show_intercept = FALSE, dot_args = 
list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for female height Z-scores for 
timing by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0.67), by = 
2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.67, -0.67))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
## Female Height INTENSITY 
modFheightINTENSITY <- lm(center(Zheight_c) ~ center(DOB_decade) + SES 
+ SES*center(DOB_decade),data=subset(dat, Sex=="2" & DOB > 1955))  
summary(modFheightINTENSITY) 
tidy(modFheightINTENSITY, conf.int = TRUE) 
tdmodFheightINTENSITY <- tidy(modFheightINTENSITY, conf.int = TRUE) 
tdmodFheightINTENSITY$term <- as.factor(tdmodFheightINTENSITY$term) 
 
## basic dotwhisker: dwplot(tdmodFheightINTENSITY) 
 
## 1960 
modFheight60INTENSITY <- lm((Zheight_c) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight60INTENSITY <- tidy(modFheight60INTENSITY, conf.int = TRUE) 
tdmodFheight60INTENSITY$term <- as.factor(tdmodFheight60INTENSITY$term) 
summary(modFheight60INTENSITY) 
tidy(modFheight60INTENSITY, conf.int = TRUE) 
 
## 1970 
modFheight70INTENSITY <- lm((Zheight_c) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight70INTENSITY <- tidy(modFheight70INTENSITY, conf.int = TRUE) 
tdmodFheight70INTENSITY$term <- as.factor(tdmodFheight70INTENSITY$term) 
 
##1980 
modFheight80INTENSITY <- lm((Zheight_c) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight80INTENSITY <- tidy(modFheight80INTENSITY, conf.int = TRUE) 
tdmodFheight80INTENSITY$term <- as.factor(tdmodFheight80INTENSITY$term) 
 
##1990 
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modFheight90INTENSITY <- lm((Zheight_c) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFheight90INTENSITY <- tidy(modFheight90INTENSITY, conf.int = TRUE) 
tidy(modFheight90INTENSITY, conf.int = TRUE) 
tdmodFheight90INTENSITY$term <- as.factor(tdmodFheight90INTENSITY$term) 
 
## plot all models (by decade) 
modFheight60INTENSITY_dw <- tidy(modFheight60INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFheight70INTENSITY_dw <- tidy(modFheight70INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFheight80INTENSITY_dw <- tidy(modFheight80INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFheight90INTENSITY_dw <- tidy(modFheight90INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zh*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
 
four_models_F_INTENSITY <- rbind(modFheight60INTENSITY_dw, 
modFheight70INTENSITY_dw, modFheight80INTENSITY_dw, 
modFheight90INTENSITY_dw) 
 
dwplot(four_models_F_INTENSITY, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for female height Z-scores for 
intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.01), max(0), by = 
0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=11), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_F_INTENSITY, show_intercept = FALSE, dot_args = 
list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for female height Z-scores for 
intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0.67), by = 
2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0, -0.67))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
 
### WEIGHT 
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## Male weight SIZE 
modMweight <- lm(center(Zweight_a) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="1" & DOB > 1955))  
summary(modMweight) 
tidy(modMweight, conf.int = TRUE) 
tdmodMweight <- tidy(modMweight, conf.int = TRUE) 
tdmodMweight$term <- as.factor(tdmodMweight$term) 
 
## basic dotwhisker: dwplot(tdmodMweight) 
## 1960 
modMweight60 <- lm((Zweight_a) ~ DOB_cent_60 + SES + SES*DOB_cent_60, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMweight60 <- tidy(modMweight60, conf.int = TRUE) 
tdmodMweight60$term <- as.factor(tdmodMweight60$term) 
summary(modMweight60) 
tidy(modMweight60, conf.int = TRUE) 
 
## 1970 
modMweight70 <- lm((Zweight_a) ~ DOB_cent_70 + SES + SES*DOB_cent_70, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMweight70 <- tidy(modMweight70, conf.int = TRUE) 
tdmodMweight70$term <- as.factor(tdmodMweight70$term) 
 
##1980 
modMweight80 <- lm((Zweight_a) ~ DOB_cent_80 + SES + SES*DOB_cent_80, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMweight80 <- tidy(modMweight80, conf.int = TRUE) 
tdmodMweight80$term <- as.factor(tdmodMweight80$term) 
 
##1990 
modMweight90 <- lm((Zweight_a) ~ DOB_cent_90 + SES + SES*DOB_cent_90, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
 
tdmodMweight90 <- tidy(modMweight90, conf.int = TRUE) 
tidy(modMweight90, conf.int = TRUE) 
tdmodMweight90$term <- as.factor(tdmodMweight90$term) 
 
## plot all models (by decade) 
modMweight60_dw <- tidy(modMweight60) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMweight70_dw <- tidy(modMweight70) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMweight80_dw <- tidy(modMweight80) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMweight90_dw <- tidy(modMweight90) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_weight <- rbind(modMweight60_dw, modMweight70_dw, 
modMweight80_dw, modMweight90_dw) 
 
dwplot(four_models_weight, show_intercept = FALSE) %>%  
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  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for male weight Z-scores by SEP group 
and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.01), max(0), by = 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_weight, show_intercept = FALSE, dot_args = list(size 
= 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male weight Z-scores by SEP 
group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.00), max(0), by = 2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.2, -1.33))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip()  
 
## Male weight TIMING 
modMweightTIMING <- lm(center(Zweight_b) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="1" & DOB > 1955))  
summary(modMweightTIMING) 
tidy(modMweightTIMING, conf.int = TRUE) 
tdmodMweightTIMING <- tidy(modMweightTIMING, conf.int = TRUE) 
tdmodMweightTIMING$term <- as.factor(tdmodMweightTIMING$term) 
 
## basic dotwhisker: dwplot(tdmodMweightTIMING) 
## 1960 
modMweight60TIMING <- lm((Zweight_b) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMweight60TIMING <- tidy(modMweight60TIMING, conf.int = TRUE) 
 
tdmodMweight60TIMING$term <- as.factor(tdmodMweight60TIMING$term) 
summary(modMweight60TIMING) 
tidy(modMweight60TIMING, conf.int = TRUE) 
 
## 1970 
modMweight70TIMING <- lm((Zweight_b) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMweight70TIMING <- tidy(modMweight70TIMING, conf.int = TRUE) 
tdmodMweight70TIMING$term <- as.factor(tdmodMweight70TIMING$term) 
 
##1980 
modMweight80TIMING <- lm((Zweight_b) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMweight80TIMING <- tidy(modMweight80TIMING, conf.int = TRUE) 
tdmodMweight80TIMING$term <- as.factor(tdmodMweight80TIMING$term) 
 
##1990 
modMweight90TIMING <- lm((Zweight_b) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMweight90TIMING <- tidy(modMweight90TIMING, conf.int = TRUE) 
tidy(modMweight90TIMING, conf.int = TRUE) 
tdmodMweight90TIMING$term <- as.factor(tdmodMweight90TIMING$term) 
 
## plot all models (by decade) 
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modMweight60TIMING_dw <- tidy(modMweight60TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMweight70TIMING_dw <- tidy(modMweight70TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMweight80TIMING_dw <- tidy(modMweight80TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMweight90TIMING_dw <- tidy(modMweight90TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
four_models_weight_TIMING <- rbind(modMweight60TIMING_dw, 
modMweight70TIMING_dw, modMweight80TIMING_dw, modMweight90TIMING_dw) 
 
dwplot(four_models_weight_TIMING, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for male weight Z-scores for timing by 
SEP group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.01), max(2.01), by = 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(1.34, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_weight_TIMING, show_intercept = FALSE, dot_args = 
list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male weight Z-scores for 
timing by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(2.00), by = 
2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(1.33, -0.67))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
## Male weight INTENSITY 
modMweightINTENSITY <- lm(center(Zweight_c) ~ center(DOB_decade) + SES 
+ SES*center(DOB_decade),data=subset(dat, Sex=="1" & DOB > 1955))  
summary(modMweightINTENSITY) 
tidy(modMweightINTENSITY, conf.int = TRUE) 
tdmodMweightINTENSITY <- tidy(modMweightINTENSITY, conf.int = TRUE) 
tdmodMweightINTENSITY$term <- as.factor(tdmodMweightINTENSITY$term) 
 
## basic dotwhisker: dwplot(tdmodMweightINTENSITY) 
## 1960 
modMweight60INTENSITY <- lm((Zweight_c) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMweight60INTENSITY <- tidy(modMweight60INTENSITY, conf.int = TRUE) 
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tdmodMweight60INTENSITY$term <- as.factor(tdmodMweight60INTENSITY$term) 
summary(modMweight60INTENSITY) 
tidy(modMweight60INTENSITY, conf.int = TRUE) 
 
## 1970 
modMweight70INTENSITY <- lm((Zweight_c) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMweight70INTENSITY <- tidy(modMweight70INTENSITY, conf.int = TRUE) 
tdmodMweight70INTENSITY$term <- as.factor(tdmodMweight70INTENSITY$term) 
 
##1980 
modMweight80INTENSITY <- lm((Zweight_c) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMweight80INTENSITY <- tidy(modMweight80INTENSITY, conf.int = TRUE) 
tdmodMweight80INTENSITY$term <- as.factor(tdmodMweight80INTENSITY$term) 
 
##1990 
 
modMweight90INTENSITY <- lm((Zweight_c) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMweight90INTENSITY <- tidy(modMweight90INTENSITY, conf.int = TRUE) 
tidy(modMweight90INTENSITY, conf.int = TRUE) 
tdmodMweight90INTENSITY$term <- as.factor(tdmodMweight90INTENSITY$term) 
 
## plot all models (by decade) 
modMweight60INTENSITY_dw <- tidy(modMweight60INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMweight70INTENSITY_dw <- tidy(modMweight70INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMweight80INTENSITY_dw <- tidy(modMweight80INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMweight90INTENSITY_dw <- tidy(modMweight90INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
 
four_models_weight_INTENSITY <- rbind(modMweight60INTENSITY_dw, 
modMweight70INTENSITY_dw, modMweight80INTENSITY_dw, 
modMweight90INTENSITY_dw) 
 
dwplot(four_models_weight_INTENSITY, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for male weight Z-scores for intensity 
by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.01), max(0), by = 
0.67),2)) + 
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  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_weight_INTENSITY, show_intercept = FALSE, dot_args = 
list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male weight Z-scores for 
intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0.67), by = 
2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.67, -0.67))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
 
## WEIGHT females SIZE 
modFweight <- lm(center(Zweight_a) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="2" & DOB > 1955))  
summary(modFweight) 
tidy(modFweight, conf.int = TRUE) 
tdmodFweight <- tidy(modFweight, conf.int = TRUE) 
tdmodFweight$term <- as.factor(tdmodFweight$term) 
 
## basic dotwhisker: dwplot(tdmodMweight) 
## 1960 
modFweight60 <- lm((Zweight_a) ~ DOB_cent_60 + SES + SES*DOB_cent_60, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight60 <- tidy(modFweight60, conf.int = TRUE) 
tdmodFweight60$term <- as.factor(tdmodFweight60$term) 
summary(modFweight60) 
tidy(modFweight60, conf.int = TRUE) 
 
## 1970 
modFweight70 <- lm((Zweight_a) ~ DOB_cent_70 + SES + SES*DOB_cent_70, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight70 <- tidy(modFweight70, conf.int = TRUE) 
tdmodFweight70$term <- as.factor(tdmodFweight70$term) 
 
##1980 
modFweight80 <- lm((Zweight_a) ~ DOB_cent_80 + SES + SES*DOB_cent_80, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight80 <- tidy(modFweight80, conf.int = TRUE) 
tdmodFweight80$term <- as.factor(tdmodFweight80$term) 
 
##1990 
modFweight90 <- lm((Zweight_a) ~ DOB_cent_90 + SES + SES*DOB_cent_90, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight90 <- tidy(modFweight90, conf.int = TRUE) 
 
tidy(modFweight90, conf.int = TRUE) 
tdmodFweight90$term <- as.factor(tdmodFweight90$term) 
 
## plot all models (by decade) 
modFweight60_dw <- tidy(modFweight60) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1960") %>%  
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  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight70_dw <- tidy(modFweight70) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight80_dw <- tidy(modFweight80) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight90_dw <- tidy(modFweight90) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_weight_F <- rbind(modFweight60_dw, modFweight70_dw, 
modFweight80_dw, modFweight90_dw) 
dwplot(four_models_weight_F, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for female weight Z-scores by SEP group 
and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.01), max(0), by = 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
# middle sized dots 
 
dwplot(four_models_weight_F, show_intercept = FALSE, dot_args = 
list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for female weight Z-scores by 
SEP group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.00), max(0), by = 2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.2, -1.33))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip()  
 
## Female weight TIMING 
modFweightTIMING <- lm(center(Zweight_b) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="2" & DOB > 1955))  
summary(modFweightTIMING) 
tidy(modFweightTIMING, conf.int = TRUE) 
tdmodFweightTIMING <- tidy(modFweightTIMING, conf.int = TRUE) 
tdmodFweightTIMING$term <- as.factor(tdmodFweightTIMING$term) 
 
## basic dotwhisker: dwplot(tdmodMweightTIMING) 
## 1960 
modFweight60TIMING <- lm((Zweight_b) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight60TIMING <- tidy(modFweight60TIMING, conf.int = TRUE) 
tdmodFweight60TIMING$term <- as.factor(tdmodFweight60TIMING$term) 
 
summary(modFweight60TIMING) 
tidy(modFweight60TIMING, conf.int = TRUE) 
 
## 1970 
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modFweight70TIMING <- lm((Zweight_b) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight70TIMING <- tidy(modFweight70TIMING, conf.int = TRUE) 
tdmodFweight70TIMING$term <- as.factor(tdmodFweight70TIMING$term) 
 
##1980 
modFweight80TIMING <- lm((Zweight_b) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight80TIMING <- tidy(modFweight80TIMING, conf.int = TRUE) 
tdmodFweight80TIMING$term <- as.factor(tdmodFweight80TIMING$term) 
 
##1990 
modFweight90TIMING <- lm((Zweight_b) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight90TIMING <- tidy(modFweight90TIMING, conf.int = TRUE) 
tidy(modFweight90TIMING, conf.int = TRUE) 
tdmodFweight90TIMING$term <- as.factor(tdmodFweight90TIMING$term) 
 
## plot all models (by decade) 
modFweight60TIMING_dw <- tidy(modFweight60TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight70TIMING_dw <- tidy(modFweight70TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight80TIMING_dw <- tidy(modFweight80TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight90TIMING_dw <- tidy(modFweight90TIMING) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_weight_TIMING_F <- rbind(modFweight60TIMING_dw, 
modFweight70TIMING_dw, modFweight80TIMING_dw, modFweight90TIMING_dw) 
 
dwplot(four_models_weight_TIMING_F, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for female weight Z-scores for timing 
by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.01), max(2.01), by = 
0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(1.34, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_weight_TIMING_F, show_intercept = FALSE, dot_args = 
list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for female weight Z-scores for 
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timing by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(2.00), by = 
2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(1.33, -0.67))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
## Female weight INTENSITY 
modFweightINTENSITY <- lm(center(Zweight_c) ~ center(DOB_decade) + SES 
+ SES*center(DOB_decade),data=subset(dat, Sex=="2" & DOB > 1955))  
summary(modFweightINTENSITY) 
tidy(modFweightINTENSITY, conf.int = TRUE) 
tdmodFweightINTENSITY <- tidy(modFweightINTENSITY, conf.int = TRUE) 
tdmodFweightINTENSITY$term <- as.factor(tdmodFweightINTENSITY$term) 
 
## basic dotwhisker: dwplot(tdmodMweightINTENSITY) 
## 1960 
modFweight60INTENSITY <- lm((Zweight_c) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight60INTENSITY <- tidy(modFweight60INTENSITY, conf.int = TRUE) 
tdmodFweight60INTENSITY$term <- as.factor(tdmodFweight60INTENSITY$term) 
summary(modFweight60INTENSITY) 
tidy(modFweight60INTENSITY, conf.int = TRUE) 
 
## 1970 
modFweight70INTENSITY <- lm((Zweight_c) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight70INTENSITY <- tidy(modFweight70INTENSITY, conf.int = TRUE) 
tdmodFweight70INTENSITY$term <- as.factor(tdmodFweight70INTENSITY$term) 
 
##1980 
modFweight80INTENSITY <- lm((Zweight_c) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight80INTENSITY <- tidy(modFweight80INTENSITY, conf.int = TRUE) 
tdmodFweight80INTENSITY$term <- as.factor(tdmodFweight80INTENSITY$term) 
 
##1990 
modFweight90INTENSITY <- lm((Zweight_c) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight90INTENSITY <- tidy(modFweight90INTENSITY, conf.int = TRUE) 
tidy(modFweight90INTENSITY, conf.int = TRUE) 
tdmodFweight90INTENSITY$term <- as.factor(tdmodFweight90INTENSITY$term) 
 
 
## plot all models (by decade) 
modFweight60INTENSITY_dw <- tidy(modFweight60INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight70INTENSITY_dw <- tidy(modFweight70INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight80INTENSITY_dw <- tidy(modFweight80INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1980") %>%  
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  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight90INTENSITY_dw <- tidy(modFweight90INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zw*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
 
four_models_weight_INTENSITY_F <- rbind(modFweight60INTENSITY_dw, 
modFweight70INTENSITY_dw, modFweight80INTENSITY_dw, 
modFweight90INTENSITY_dw) 
 
dwplot(four_models_weight_INTENSITY_F, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for female weight Z-scores for 
intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.01), max(0), by = 
0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_weight_INTENSITY_F, show_intercept = FALSE, dot_args 
= list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for female weight Z-scores for 
intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0.67), by = 
2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.67, -0.67))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
# females WEIGHT mutually adjusted 
 
modFweight <- lm(center(Zweight_a) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade) + Zweight_b + Zweight_c,data=subset(dat, 
Sex=="2" & DOB > 1955))  
summary(modFweight) 
tidy(modFweight, conf.int = TRUE) 
tdmodFweight <- tidy(modFweight, conf.int = TRUE) 
tdmodFweight$term <- as.factor(tdmodFweight$term) 
 
## basic dotwhisker: dwplot(tdmodFweight) 
## 1960 
modFweight60 <- lm((Zweight_a) ~ DOB_cent_60 + SES + SES*DOB_cent_60 + 
Zweight_b + Zweight_c, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight60 <- tidy(modFweight60, conf.int = TRUE) 
tdmodFweight60$term <- as.factor(tdmodFweight60$term) 
summary(modFweight60) 
 
## 1970 
modFweight70 <- lm((Zweight_a) ~ DOB_cent_70 + SES + SES*DOB_cent_70 + 
Zweight_b + Zweight_c, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight70 <- tidy(modFweight70, conf.int = TRUE) 
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tdmodFweight70$term <- as.factor(tdmodFweight70$term) 
 
##1980 
modFweight80 <- lm((Zweight_a) ~ DOB_cent_80 + SES + SES*DOB_cent_80 + 
Zweight_b + Zweight_c, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight80 <- tidy(modFweight80, conf.int = TRUE) 
tdmodFweight80$term <- as.factor(tdmodFweight80$term) 
 
##1990 
modFweight90 <- lm((Zweight_a) ~ DOB_cent_90 + SES + SES*DOB_cent_90 + 
Zweight_b + Zweight_c, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFweight90 <- tidy(modFweight90, conf.int = TRUE) 
 
tidy(modFweight90, conf.int = TRUE) 
tdmodFweight90$term <- as.factor(tdmodFweight90$term) 
 
## plot all models (by decade) 
modFweight60_dw <- tidy(modFweight60) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight70_dw <- tidy(modFweight70) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight80_dw <- tidy(modFweight80) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFweight90_dw <- tidy(modFweight90) %>% filter(!grepl('DOB_*', term)) 
%>% filter(!grepl('Zw*', term)) %>% mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
four_models_weight_F <- rbind(modFweight60_dw, modFweight70_dw, 
modFweight80_dw, modFweight90_dw) 
 
dwplot(four_models_weight_F, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for female weight by SEP group and 
decade") + scale_x_continuous(breaks = round(seq(min(-2.01), max(0), by 
= 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(panel.background = element_rect(fill = "white", colour = 
"grey50")) + coord_flip()  
 
### BMI 
## Males BMI SIZE 
modMBMI <- lm(center(ZBMI_a) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="1" & DOB > 1955))  
summary(modMBMI) 
tidy(modMBMI, conf.int = TRUE) 
tdmodMBMI <- tidy(modMBMI, conf.int = TRUE) 
tdmodMBMI$term <- as.factor(tdmodMBMI$term) 
 
## basic dotwhisker: dwplot(tdmodMweight) 
## 1960 
modMBMI60 <- lm((ZBMI_a) ~ DOB_cent_60 + SES + SES*DOB_cent_60, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
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tdmodMBMI60 <- tidy(modMBMI60, conf.int = TRUE) 
tdmodMBMI60$term <- as.factor(tdmodMBMI60$term) 
summary(modMBMI60) 
tidy(modMBMI60, conf.int = TRUE) 
 
## 1970 
modMBMI70 <- lm((ZBMI_a) ~ DOB_cent_70 + SES + SES*DOB_cent_70, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMBMI70 <- tidy(modMBMI70, conf.int = TRUE) 
tdmodMBMI70$term <- as.factor(tdmodMBMI70$term) 
 
##1980 
modMBMI80 <- lm((ZBMI_a) ~ DOB_cent_80 + SES + SES*DOB_cent_80, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
 
tdmodMBMI80 <- tidy(modMBMI80, conf.int = TRUE) 
tdmodMBMI80$term <- as.factor(tdmodMBMI80$term) 
 
##1990 
modMBMI90 <- lm((ZBMI_a) ~ DOB_cent_90 + SES + SES*DOB_cent_90, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMBMI90 <- tidy(modMBMI90, conf.int = TRUE) 
tidy(modMBMI90, conf.int = TRUE) 
tdmodMBMI90$term <- as.factor(tdmodMBMI90$term) 
 
## plot all models (by decade) 
modMBMI60_dw <- tidy(modMBMI60) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('ZB*', term)) %>% mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMBMI70_dw <- tidy(modMBMI70) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('ZB*', term)) %>% mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMBMI80_dw <- tidy(modMBMI80) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('ZB*', term)) %>% mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMBMI90_dw <- tidy(modMBMI90) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('ZB*', term)) %>% mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_BMI <- rbind(modMBMI60_dw, modMBMI70_dw, modMBMI80_dw, 
modMBMI90_dw) 
 
dwplot(four_models_BMI, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for male BMI Z-scores by SEP group and 
date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.01), max(0), by = 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
# middle sized dots 
dwplot(four_models_BMI, show_intercept = FALSE, dot_args = list(size = 
2), whisker_args = list(size = 1)) %>%  
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  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male BMI Z-scores by SEP 
group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.00), max(0), by = 2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.2, -1.33))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip()  
 
## Male BMI INTENSITY 
modMBMIINTENSITY <- lm(center(ZBMI_c) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="1" & DOB > 1955))  
summary(modMBMIINTENSITY) 
tidy(modMBMIINTENSITY, conf.int = TRUE) 
tdmodMBMIINTENSITY <- tidy(modMBMIINTENSITY, conf.int = TRUE) 
tdmodMBMIINTENSITY$term <- as.factor(tdmodMBMIINTENSITY$term) 
 
 
## basic dotwhisker: dwplot(tdmodMweightINTENSITY) 
 
## 1960 
modMBMI60INTENSITY <- lm((ZBMI_c) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMBMI60INTENSITY <- tidy(modMBMI60INTENSITY, conf.int = TRUE) 
tdmodMBMI60INTENSITY$term <- as.factor(tdmodMBMI60INTENSITY$term) 
summary(modMBMI60INTENSITY) 
tidy(modMBMI60INTENSITY, conf.int = TRUE) 
 
## 1970 
modMBMI70INTENSITY <- lm((ZBMI_c) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMBMI70INTENSITY <- tidy(modMBMI70INTENSITY, conf.int = TRUE) 
tdmodMBMI70INTENSITY$term <- as.factor(tdmodMBMI70INTENSITY$term) 
 
##1980 
modMBMI80INTENSITY <- lm((ZBMI_c) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMBMI80INTENSITY <- tidy(modMBMI80INTENSITY, conf.int = TRUE) 
tdmodMBMI80INTENSITY$term <- as.factor(tdmodMBMI80INTENSITY$term) 
 
##1990 
modMBMI90INTENSITY <- lm((ZBMI_c) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMBMI90INTENSITY <- tidy(modMBMI90INTENSITY, conf.int = TRUE) 
tidy(modMBMI90INTENSITY, conf.int = TRUE) 
tdmodMBMI90INTENSITY$term <- as.factor(tdmodMBMI90INTENSITY$term) 
 
## plot all models (by decade) 
modMBMI60INTENSITY_dw <- tidy(modMBMI60INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('ZB*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMBMI70INTENSITY_dw <- tidy(modMBMI70INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('ZB*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
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modMBMI80INTENSITY_dw <- tidy(modMBMI80INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('ZB*', term)) %>% 
mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMBMI90INTENSITY_dw <- tidy(modMBMI90INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('ZB*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_BMI_INTENSITY <- rbind(modMBMI60INTENSITY_dw, 
modMBMI70INTENSITY_dw, modMBMI80INTENSITY_dw, modMBMI90INTENSITY_dw) 
 
dwplot(four_models_BMI_INTENSITY, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for male BMI Z-scores for intensity by 
SEP group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.01), max(0), by = 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_BMI_INTENSITY, show_intercept = FALSE, dot_args = 
list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male BMI Z-scores for 
intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0.67), by = 
2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.67, -0.67))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
## BMI females SIZE 
modFBMI <- lm(center(ZBMI_a) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="2" & DOB > 1955))  
summary(modFBMI) 
tidy(modFBMI, conf.int = TRUE) 
tdmodFBMI <- tidy(modFBMI, conf.int = TRUE) 
tdmodFBMI$term <- as.factor(tdmodFBMI$term) 
 
## basic dotwhisker: dwplot(tdmodMweight) 
## 1960 
modFBMI60 <- lm((ZBMI_a) ~ DOB_cent_60 + SES + SES*DOB_cent_60, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFBMI60 <- tidy(modFBMI60, conf.int = TRUE) 
tdmodFBMI60$term <- as.factor(tdmodFBMI60$term) 
summary(modFBMI60) 
tidy(modFBMI60, conf.int = TRUE) 
 
## 1970 
modFBMI70 <- lm((ZBMI_a) ~ DOB_cent_70 + SES + SES*DOB_cent_70, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFBMI70 <- tidy(modFBMI70, conf.int = TRUE) 
tdmodFBMI70$term <- as.factor(tdmodFBMI70$term) 
Appendices 
 
283 
 
 
##1980 
modFBMI80 <- lm((ZBMI_a) ~ DOB_cent_80 + SES + SES*DOB_cent_80, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFBMI80 <- tidy(modFBMI80, conf.int = TRUE) 
tdmodFBMI80$term <- as.factor(tdmodFBMI80$term) 
 
##1990 
modFBMI90 <- lm((ZBMI_a) ~ DOB_cent_90 + SES + SES*DOB_cent_90, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFBMI90 <- tidy(modFBMI90, conf.int = TRUE) 
tidy(modFBMI90, conf.int = TRUE) 
tdmodFBMI90$term <- as.factor(tdmodFBMI90$term) 
 
## plot all models (by decade) 
modFBMI60_dw <- tidy(modFBMI60) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('ZB*', term)) %>% mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFBMI70_dw <- tidy(modFBMI70) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('ZB*', term)) %>% mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFBMI80_dw <- tidy(modFBMI80) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('ZB*', term)) %>% mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFBMI90_dw <- tidy(modFBMI90) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('ZB*', term)) %>% mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_BMI_F <- rbind(modFBMI60_dw, modFBMI70_dw, modFBMI80_dw, 
modFBMI90_dw) 
dwplot(four_models_BMI_F, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for female BMI Z-scores by SEP group 
and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.01), max(2.01), by = 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(1.34, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
# middle sized dots 
dwplot(four_models_BMI_F, show_intercept = FALSE, dot_args = list(size 
= 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for female BMI Z-scores by SEP 
group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.00), max(0), by = 2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.2, -1.33))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip()  
 
## Female BMI INTENSITY 
modFBMIINTENSITY <- lm(center(ZBMI_c) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="2" & DOB > 1955))  
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summary(modFBMIINTENSITY) 
tidy(modFBMIINTENSITY, conf.int = TRUE) 
tdmodFBMIINTENSITY <- tidy(modFBMIINTENSITY, conf.int = TRUE) 
tdmodFBMIINTENSITY$term <- as.factor(tdmodFBMIINTENSITY$term) 
 
## basic dotwhisker: dwplot(tdmodMweightINTENSITY) 
## 1960 
modFBMI60INTENSITY <- lm((ZBMI_c) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFBMI60INTENSITY <- tidy(modFBMI60INTENSITY, conf.int = TRUE) 
tdmodFBMI60INTENSITY$term <- as.factor(tdmodFBMI60INTENSITY$term) 
summary(modFBMI60INTENSITY) 
tidy(modFBMI60INTENSITY, conf.int = TRUE) 
 
## 1970 
modFBMI70INTENSITY <- lm((ZBMI_c) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFBMI70INTENSITY <- tidy(modFBMI70INTENSITY, conf.int = TRUE) 
tdmodFBMI70INTENSITY$term <- as.factor(tdmodFBMI70INTENSITY$term) 
 
##1980 
modFBMI80INTENSITY <- lm((ZBMI_c) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFBMI80INTENSITY <- tidy(modFBMI80INTENSITY, conf.int = TRUE) 
tdmodFBMI80INTENSITY$term <- as.factor(tdmodFBMI80INTENSITY$term) 
 
##1990 
modFBMI90INTENSITY <- lm((ZBMI_c) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFBMI90INTENSITY <- tidy(modFBMI90INTENSITY, conf.int = TRUE) 
tidy(modFBMI90INTENSITY, conf.int = TRUE) 
tdmodFBMI90INTENSITY$term <- as.factor(tdmodFBMI90INTENSITY$term) 
 
## plot all models (by decade) 
modFBMI60INTENSITY_dw <- tidy(modFBMI60INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('ZB*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFBMI70INTENSITY_dw <- tidy(modFBMI70INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('ZB*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFBMI80INTENSITY_dw <- tidy(modFBMI80INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('ZB*', term)) %>% 
mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFBMI90INTENSITY_dw <- tidy(modFBMI90INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('ZB*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_BMI_INTENSITY_F <- rbind(modFBMI60INTENSITY_dw, 
modFBMI70INTENSITY_dw, modFBMI80INTENSITY_dw, modFBMI90INTENSITY_dw) 
 
dwplot(four_models_BMI_INTENSITY_F, show_intercept = FALSE) %>%  
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  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for female BMI Z-scores for intensity 
by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.01), max(2.01), by = 
0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(1.34, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_BMI_INTENSITY_F, show_intercept = FALSE, dot_args = 
list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for female BMI Z-scores for 
intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0.67), by = 
2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.67, -0.67))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
### GRIP strength  
## Males grip SIZE unadjusted 
modMgrip <- lm(center(Zgrip_a) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="1" & DOB > 1955))  
summary(modMgrip) 
tidy(modMgrip, conf.int = TRUE) 
tdmodMgrip <- tidy(modMgrip, conf.int = TRUE) 
tdmodMgrip$term <- as.factor(tdmodMgrip$term) 
 
## basic dotwhisker: dwplot(tdmodMgrip) 
## 1960 
 
modMgrip60 <- lm((Zgrip_a) ~ DOB_cent_60 + SES + SES*DOB_cent_60, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMgrip60 <- tidy(modMgrip60, conf.int = TRUE) 
tdmodMgrip60$term <- as.factor(tdmodMgrip60$term) 
summary(modMgrip60) 
 
## 1970 
modMgrip70 <- lm((Zgrip_a) ~ DOB_cent_70 + SES + SES*DOB_cent_70, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMgrip70 <- tidy(modMgrip70, conf.int = TRUE) 
tdmodMgrip70$term <- as.factor(tdmodMgrip70$term) 
 
##1980 
modMgrip80 <- lm((Zgrip_a) ~ DOB_cent_80 + SES + SES*DOB_cent_80, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMgrip80 <- tidy(modMgrip80, conf.int = TRUE) 
tdmodMgrip80$term <- as.factor(tdmodMgrip80$term) 
 
##1990 
modMgrip90 <- lm((Zgrip_a) ~ DOB_cent_90 + SES + SES*DOB_cent_90, 
data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMgrip90 <- tidy(modMgrip90, conf.int = TRUE) 
tidy(modMgrip90, conf.int = TRUE) 
tdmodMgrip90$term <- as.factor(tdmodMgrip90$term) 
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## plot all models (by decade) 
modMgrip60_dw <- tidy(modMgrip60) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('Zg*', term)) %>% mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMgrip70_dw <- tidy(modMgrip70) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('Zg*', term)) %>% mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMgrip80_dw <- tidy(modMgrip80) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('Zg*', term)) %>% mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMgrip90_dw <- tidy(modMgrip90) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('Zg*', term)) %>% mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_grip <- rbind(modMgrip60_dw, modMgrip70_dw, modMgrip80_dw, 
modMgrip90_dw) 
dwplot(four_models_grip, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for male hand grip strength Z-scores by 
SEP group and date of birth (1960-1990)") + scale_x_continuous(breaks = 
round(seq(min(-2.01), max(0), by = 0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_grip, show_intercept = FALSE, dot_args = list(size = 
2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male grip strength Z-scores 
by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0), by = 2/3),2)) 
+ 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.2, -1.33))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip()  
 
## Males grip INTENSITY 
modMgripINTENSITY <- lm(center(Zgrip_c) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="1" & DOB > 1955))  
summary(modMgripINTENSITY) 
tidy(modMgripINTENSITY, conf.int = TRUE) 
tdmodMgripINTENSITY <- tidy(modMgripINTENSITY, conf.int = TRUE) 
tdmodMgripINTENSITY$term <- as.factor(tdmodMgripINTENSITY$term) 
 
## basic dotwhisker: dwplot(tdmodMgripINTENSITY) 
## 1960 
modMgrip60INTENSITY <- lm((Zgrip_c) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMgrip60INTENSITY <- tidy(modMgrip60INTENSITY, conf.int = TRUE) 
tdmodMgrip60INTENSITY$term <- as.factor(tdmodMgrip60INTENSITY$term) 
summary(modMgrip60INTENSITY) 
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tidy(modMgrip60INTENSITY, conf.int = TRUE) 
 
## 1970 
modMgrip70INTENSITY <- lm((Zgrip_c) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMgrip70INTENSITY <- tidy(modMgrip70INTENSITY, conf.int = TRUE) 
tdmodMgrip70INTENSITY$term <- as.factor(tdmodMgrip70INTENSITY$term) 
 
##1980 
modMgrip80INTENSITY <- lm((Zgrip_c) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMgrip80INTENSITY <- tidy(modMgrip80INTENSITY, conf.int = TRUE) 
tdmodMgrip80INTENSITY$term <- as.factor(tdmodMgrip80INTENSITY$term) 
 
##1990 
modMgrip90INTENSITY <- lm((Zgrip_c) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="1" & DOB > 1955)) 
tdmodMgrip90INTENSITY <- tidy(modMgrip90INTENSITY, conf.int = TRUE) 
tidy(modMgrip90INTENSITY, conf.int = TRUE) 
tdmodMgrip90INTENSITY$term <- as.factor(tdmodMgrip90INTENSITY$term) 
 
## plot all models (by decade) 
modMgrip60INTENSITY_dw <- tidy(modMgrip60INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zg*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMgrip70INTENSITY_dw <- tidy(modMgrip70INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zg*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMgrip80INTENSITY_dw <- tidy(modMgrip80INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zg*', term)) %>% 
mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modMgrip90INTENSITY_dw <- tidy(modMgrip90INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zg*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
 
four_models_grip_INTENSITY <- rbind(modMgrip60INTENSITY_dw, 
modMgrip70INTENSITY_dw, modMgrip80INTENSITY_dw, modMgrip90INTENSITY_dw) 
 
dwplot(four_models_grip_INTENSITY, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for male hand grip strength Z-scores 
for intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.01), max(0), by = 
0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
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dwplot(four_models_grip_INTENSITY, show_intercept = FALSE, dot_args = 
list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for male grip Z-scores for 
intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0.67), by = 
2/3),2)) + 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0, -0.67))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
# Female grip 
## Female grip SIZE 
modFgrip <- lm(center(Zgrip_a) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="2" & DOB > 1955))  
summary(modFgrip) 
tidy(modFgrip, conf.int = TRUE) 
tdmodFgrip <- tidy(modFgrip, conf.int = TRUE) 
tdmodFgrip$term <- as.factor(tdmodFgrip$term) 
 
## basic dotwhisker: dwplot(tdmodMBMI) 
## 1960 
modFgrip60 <- lm((Zgrip_a) ~ DOB_cent_60 + SES + SES*DOB_cent_60, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFgrip60 <- tidy(modFgrip60, conf.int = TRUE) 
tdmodFgrip60$term <- as.factor(tdmodFgrip60$term) 
summary(modFgrip60) 
 
## 1970 
modFgrip70 <- lm((Zgrip_a) ~ DOB_cent_70 + SES + SES*DOB_cent_70, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFgrip70 <- tidy(modFgrip70, conf.int = TRUE) 
tdmodFgrip70$term <- as.factor(tdmodFgrip70$term) 
 
##1980 
modFgrip80 <- lm((Zgrip_a) ~ DOB_cent_80 + SES + SES*DOB_cent_80, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFgrip80 <- tidy(modFgrip80, conf.int = TRUE) 
tdmodFgrip80$term <- as.factor(tdmodFgrip80$term) 
 
##1990 
modFgrip90 <- lm((Zgrip_a) ~ DOB_cent_90 + SES + SES*DOB_cent_90, 
data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFgrip90 <- tidy(modFgrip90, conf.int = TRUE) 
 
tidy(modFgrip90, conf.int = TRUE) 
tdmodFgrip90$term <- as.factor(tdmodFgrip90$term) 
 
## plot all models (by decade) 
modFgrip60_dw <- tidy(modFgrip60) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('Zg*', term)) %>% mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFgrip70_dw <- tidy(modFgrip70) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('Zg*', term)) %>% mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
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modFgrip80_dw <- tidy(modFgrip80) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('Zg*', term)) %>% mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFgrip90_dw <- tidy(modFgrip90) %>% filter(!grepl('DOB_*', term)) %>% 
filter(!grepl('Zg*', term)) %>% mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_grip_F <- rbind(modFgrip60_dw, modFgrip70_dw, 
modFgrip80_dw, modFgrip90_dw) 
 
dwplot(four_models_grip_F, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for female hand grip strength Z-scores 
by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.01), max(0), by = 
0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=12), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
# middle sized dots 
dwplot(four_models_grip_F, show_intercept = FALSE, dot_args = list(size 
= 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for female grip strength Z-
scores by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0), by = 2/3),2)) 
+ 
  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0.2, -1.33))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip()  
 
## Female grip INTENSITY 
modFgripINTENSITY <- lm(center(Zgrip_c) ~ center(DOB_decade) + SES + 
SES*center(DOB_decade),data=subset(dat, Sex=="2" & DOB > 1955))  
summary(modFgripINTENSITY) 
tidy(modFgripINTENSITY, conf.int = TRUE) 
tdmodFgripINTENSITY <- tidy(modFgripINTENSITY, conf.int = TRUE) 
tdmodFgripINTENSITY$term <- as.factor(tdmodFgripINTENSITY$term) 
 
## basic dotwhisker: dwplot(tdmodMgripINTENSITY) 
## 1960 
modFgrip60INTENSITY <- lm((Zgrip_c) ~ DOB_cent_60 + SES + 
SES*DOB_cent_60, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFgrip60INTENSITY <- tidy(modFgrip60INTENSITY, conf.int = TRUE) 
tdmodFgrip60INTENSITY$term <- as.factor(tdmodFgrip60INTENSITY$term) 
 
summary(modFgrip60INTENSITY) 
tidy(modFgrip60INTENSITY, conf.int = TRUE) 
 
## 1970 
modFgrip70INTENSITY <- lm((Zgrip_c) ~ DOB_cent_70 + SES + 
SES*DOB_cent_70, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFgrip70INTENSITY <- tidy(modFgrip70INTENSITY, conf.int = TRUE) 
tdmodFgrip70INTENSITY$term <- as.factor(tdmodFgrip70INTENSITY$term) 
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##1980 
modFgrip80INTENSITY <- lm((Zgrip_c) ~ DOB_cent_80 + SES + 
SES*DOB_cent_80, data=subset(dat, Sex=="2" & DOB > 1955)) 
tdmodFgrip80INTENSITY <- tidy(modFgrip80INTENSITY, conf.int = TRUE) 
tdmodFgrip80INTENSITY$term <- as.factor(tdmodFgrip80INTENSITY$term) 
 
##1990 
modFgrip90INTENSITY <- lm((Zgrip_c) ~ DOB_cent_90 + SES + 
SES*DOB_cent_90, data=subset(dat, Sex=="2" & DOB > 1955)) 
tmodFgrip90INTENSITY <- tidy(modFgrip90INTENSITY, conf.int = TRUE 
tidy(modFgrip90INTENSITY, conf.int = TRUE) 
tdmodFgrip90INTENSITY$term <- as.factor(tdmodFgrip90INTENSITY$term) 
 
## plot all models (by decade) 
modFgrip60INTENSITY_dw <- tidy(modFgrip60INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zg*', term)) %>% 
mutate(model = "1960") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFgrip70INTENSITY_dw <- tidy(modFgrip70INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zg*', term)) %>% 
mutate(model = "1970") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFgrip80INTENSITY_dw <- tidy(modFgrip80INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zg*', term)) %>% 
mutate(model = "1980") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
modFgrip90INTENSITY_dw <- tidy(modFgrip90INTENSITY) %>% 
filter(!grepl('DOB_*', term)) %>% filter(!grepl('Zg*', term)) %>% 
mutate(model = "1990") %>%  
  relabel_predictors(SES5 = "SEP 5", SES4 = "SEP 4", SES3 = "SEP 3", 
SES2 = "SEP 2") 
 
four_models_grip_INTENSITY_F <- rbind(modFgrip60INTENSITY_dw, 
modFgrip70INTENSITY_dw, modFgrip80INTENSITY_dw, modFgrip90INTENSITY_dw) 
 
dwplot(four_models_grip_INTENSITY_F, show_intercept = FALSE) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + 
  ggtitle("Regression estimates for female hand grip strength Z-scores 
for intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.01), max(0), by = 
0.67),2)) + 
  geom_vline(xintercept = 0) + expand_limits(x = c(0.2, -1.34)) + 
theme(plot.title=element_text(size=11), panel.background = 
element_rect(fill = "white", colour = "grey50")) + coord_flip()  
 
## middle sized dots 
dwplot(four_models_grip_INTENSITY_F, show_intercept = FALSE, dot_args = 
list(size = 2), whisker_args = list(size = 1)) %>%  
  + xlab("Coefficient Estimate B") + ylab("Socioeconomic position (SEP) 
group") + ggtitle("Regression estimates for female grip Z-scores for 
intensity by SEP group and date of birth (1960-1990)") + 
scale_x_continuous(breaks = round(seq(min(-2.00), max(0.67), by = 
2/3),2)) + 
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  geom_vline(xintercept = 0, show.legend = TRUE) + expand_limits(x = 
c(0, -0.67))  + theme(plot.title=element_text(size=12), 
panel.background = element_rect(fill = "white", colour = "grey50")) + 
coord_flip() 
 
 
